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In this Chapter we introduce the object of our study, motivation for the research, and the basic 
ideas behind the experimental methods used in this work. Water is a unique liquid, which 
largely determines the presence of life on the Earth. Despite the fact that this substance is 
widely studied there is still no theory explaining all properties of water on a molecular level. 
Among other experimental methods, spectroscopic techniques are capable of providing a vast 
amount of information about molecular structure and dynamics. One of the relatively poorly 
investigated subjects is the ultrafast dynamics of water molecules – processes taking place on 
the picosecond and femtosecond timescales. Nowadays nonlinear spectroscopic techniques are 
the only tools that allow studying the molecular dynamics on these timescales. We summarize 
the current status in the studies of water using methods of linear and nonlinear spectroscopy 
and outline the perspective for further research. We also provide an overview of the 
spectroscopic techniques used in our studies and define the scope of this Thesis. 
Chapter 1 
1.1 Extraordinary properties of water 
 
The importance of water in chemical and biological processes can hardly be exaggerated 
[1-4]. However, it is not the only reason why water attracts so much attention in the scientific 
world [4-8]. It is often called an “eccentric” substance. Being relatively simple, in the form of 
a single, isolated molecule, it demonstrates an impressive range of unusual properties in the 
condensed phase [9,10]. The best known ones are:  a negative volume of melting, a density 
maximum at 4oC, and anomalously high melting and boiling points for such a low-molecular-
weight substance. In addition, an isothermal compressibility minimum at 46oC, a high value of 
the dielectric constant, an increase of the liquid fluidity with pressure, the existence of several 
distinct crystalline forms, and a very effective proton transport are among many other less 
known features. No simple Van der Waals liquid can exhibit such complex behavior. Thus, all 
these extraordinary properties must be explained by the presence of specific intermolecular 
interactions. This distinctive feature is the hydrogen bond formed between water molecules 
[11].  
The hydrogen bond is a fairly strong interaction between a hydrogen atom that has partial 
positive charge due to direct bonding to a small electronegative atom, and another 
electronegative atom that possesses a lone pair of electrons such as oxygen, nitrogen, fluorine, 
chlorine etc. [11,12]. The hydrogen bond is commonly attributed to the class of interactions 
intermediate between the weak Van der Waals and the strong covalent bond. Although the 
hydrogen bond is strongly directional and its energy is approximately ten times higher than 
that of Van der Waals interaction, at the same time it is weaker than the covalent bond by 
approximately ten times. Hydrogen bonding is often cooperative i.e. the formation of each 
bond is stimulated by the presence of other bonds in a molecule [13]. 
However, the hydrogen bond is not a unique property of water. It is present in many 
systems. For example, hydrogen fluoride forms hydrogen bonds that are considerably stronger 
than those in water. Hydrogen bonding is also present in many biomolecules such as, for 
instance, proteins where it determines their secondary structure [14]. The uniqueness of water 
is in its ability to form extended three-dimensional hydrogen bond network. Each water 
molecule can act as a donor and at the same time as an acceptor of two hydrogens forming 
four hydrogen bonds, which are disposed in a nearly perfect tetrahedral structure. 
Due to its importance in supporting chemical and biological processes, water has attracted 
the attention of the scientific world for centuries [6]. There is probably no substance that has 
been studied more thoroughly than water and yet no satisfactory theory explaining its 
properties with adequate comprehensiveness exists. A molecular theory that describes the 
physical properties of water in the liquid state has only begun to emerge in the last twenty-five 
years, when a range of new experimental techniques and methods of computer simulations 
were applied to study this substance [15-71]. 
A number of theoretical models that describe properties of water have been proposed 
[12,19,27,57-59,72-85]. These models can be classified in two main categories: the ones that 
separate the liquid into structural units, and the ones that regard it as a continuum. In the 
theories of the first type the liquid is generally viewed as a mixture of different sorts of distinct 
molecular species or clusters [19,49,51,85,86]. In the continuum models it is considered as a 
macroscopic space-filling network of molecules connected by transient hydrogen bonds with 
different strength [72-76,81-84]. Up to date none of the proposed models have decisive 
dominance and the theories of both types are being modified, further developed and applied to 
explain different experimental observations [66,87,88]. 
However, the ultimate criterion for of the assessment of the correctness of a theory is 
experiment. Several experiments provided general guidelines for understanding the 
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equilibrium structure of liquid water. Thermodynamic investigations demonstrated that 
approximately only 13% of the hydrogen bonds are broken upon the transition from ice to 
liquid [9,19]. X-ray and neutron diffraction revealed that the tetrahedral structure such as in 
ice, is in general conserved in the liquid phase, being though substantially disordered 
[26,35,65,89]. Hence, the general factor, which has to be taken into account in the description 
of the properties of liquid water, is the presence of a short-range order on the molecular level. 




1.2 Infrared spectroscopy of water 
 
Among experimental methods, utilized to study water, spectroscopic techniques are 
probably the ones most widely applied [16-18,21-23,25,28-34,36,37,43,47,48,52,53,56,60, 
66-71,88,90-107]. The far- and mid-infrared parts of the spectrum are certainly the most 
informative spectral regions for this substance since the information about inter- and intra-
molecular interactions in the system is reflected in this frequency range. The infrared spectrum 
of liquid water at room temperature is shown in Fig.1.1. This spectrum is a combination of 
two independent measurements: Raman induced Kerr effect experiments for the far-infrared 
spectrum and spontaneous Raman for the mid-infrared. 
The far-infrared spectrum can be divided in three main parts. The lowest frequency 
region, which is usually called the collision-induced spectrum, is strongly overlapped with the 
second part – the spectral band related to the hydrogen bond stretching motion (centered at 
~180 cm-1). The stretching mode of the hydrogen bond is usually identified as a fluctuation of 
the distance between the oxygen atoms one of which is the acceptor of the hydrogen bond, 
while the other one is linked to the donating hydrogen. A wide spectral band corresponding to 
 
 
Fig.1.1. Spectrum of water in far-infrared and mid-infrared regions, and illustration of 
corresponding vibrational modes 
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different types of librational motions of water molecules completes this spectral region. Thus, 
the hydrogen bond can potentially be studied via its direct spectral signature situated at 
~180 cm-1. However, in reality this spectral region is rather difficult for experimental 
investigations. This is especially true for nonlinear spectroscopy, which aims to study 
molecular dynamics. Nonlinear spectroscopy requires high intensities of the excitation pulses 
in order to generate a signal, whereas generation of pulses with sufficient energy in this 
spectral range is still a challenging task [108]. The Raman technique based on the fifth-order 
nonlinearity (so-called 2D Raman) is potentially capable to provide information about the 
molecular dynamics related to the low-frequency spectrum [109,110]. This novel experimental 
method has been actively developed in the past decade [111,112]. However, there are still a lot 
of experimental and theoretical problems to be solved before the technique can be used for 
studies on a wide range of substances.  For example, retrieval of the relatively small higher 
order signal from a background of cascaded lower order processes has long been an 
experimental challenge. Only recently a solution for the problem of separation of the third- 
and fifth-order responses has been found [113-115].  
There is undoubtedly much structural and dynamical information hidden in the vibrational 
part of the water spectrum. Three main vibrational modes are distinguished in a water 
molecule: bending (ν2), symmetric stretching (ν1) and antisymmetric stretching (ν3). In the gas 
phase the frequencies of these main modes are ~1600 cm-1, ~3650 cm-1 and ~3700 cm-1 for the 
bending, symmetric stretching and antisymmetric stretching, respectively [116]. The 
illustration of the corresponding normal vibrations is presented in Fig.1.1. In the spectrum of 
liquid water, the positions of the spectral bands are considerably red-shifted in comparison to 
the gas phase (see Fig.1.1). Substantial broadening and complexity of the shape of the spectral 
bands of liquid water can also be noticed. These changes are caused by increased 
intermolecular interactions, among which hydrogen bonding plays an essential role due to its 
considerable energy. The effect of hydrogen bonding is especially strongly pronounced in the 
spectrum of the OH-stretching modes. The influence of hydrogen bonding on the spectrum of 
the stretching modes of water molecules can be illustrated by comparing the spectrum of pure 
water and the spectrum of water dissolved in an inert solvent as shown in Fig.1.2. The red 
shift caused by hydrogen-bonding exceeds 250 cm-1 for this vibrational mode. Considering 
such evident spectral signatures, one can conclude that a great deal of information about 
hydrogen bonding can be extracted from the vibrational spectrum. 
The spectrum of water, in particular in the OH-stretch region, has been extensively 
studied by linear spectroscopy [22,30-32,34,60,66,88,92,93,95,97,98,100-102,104,105,107, 
117,118]. In one of the first studies a strong temperature dependence of the shape of the OH-
stretching mode spectrum has been observed [104]. With increasing temperature the amplitude 
of the low frequency shoulder of this spectral band substantially decreases, while the higher 
frequency part gains intensity. Hence, on average, the central frequency of this spectrum shifts 
to higher values with an increase of temperature. The origin of this effect is related to the 
strong influence of hydrogen bonding on the spectrum of the OH-stretching mode. In order to 
explain temperature modifications of the absorption spectrum of the OH-stretching mode in 
liquid water the structure of this spectral band should be understood. There are several theories 
addressing this issue. According to one approach the spectral band consists of several sub-
bands representing symmetric and antisymmetric OH-stretching modes of water molecules 
involved in a different number and kind of hydrogen bonds [22,66]. For example, in the 
simplest picture liquid water can be separated into non-hydrogen bonded, single-, double-, 
triple- and fully-hydrogen bonded water molecules. The hydrogen bonds can also be classified 
onto weak broken, strong linear, and intermediate strength bifurcated ones [77]. Upon a 
temperature change the equilibrium between hydrogen-bonded and non-bonded water 
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molecules as well as between different types of hydrogen bonds is changed, which leads to the 
alteration of the corresponding spectrum. On average, the hydrogen bond becomes weaker 
with increasing temperature and consequently the spectrum shifts to higher frequencies 
approaching its position in the gas phase. 
 
 
Fig.1.2. Comparison of the spectrum of OH-stretching mode of liquid water (solid line) with the 
spectrum of water dissolved in CH2Cl2 (dark shaded contour) and HDO molecules dissolved in D2O 
(dashed line). 
Another reason for the strong temperature dependence of the OH-stretching mode 
spectrum in liquid water was proposed in a second theory. It was suggested that in pure water 
the broadening of this spectral band in the low-frequency part is determined by intermolecular 
coupling [30,32]. Intermolecular coupling leads to formation of a collective, in phase OH-
stretch vibration delocalized over several water molecules, as was found in the spectrum of 
ice. The formation of coupled vibrations is apparently triggered by the hydrogen bond linking 
the water molecules in a relatively rigid cluster. Such aggregation creates the necessary 
conditions for resonant intermolecular interaction. The resonant interaction is strongly 
temperature dependent. With decreasing temperature the extent of the hydrogen-bonding is 
increased, which leads to an increase of the degree of delocalization and rise of the 
corresponding spectral band. 
It was also suggested that the low-frequency shoulder in the absorption spectrum of the 
OH-stretching mode of pure water may be determined by the Fermi resonance between the 
OH-stretching mode and the overtone of the bending mode [117]. However, the latter theory 
does not provide a straightforward explanation of the temperature dependence of the 
corresponding spectral band. 
Deuterium-substituted water is often used in spectroscopic experiments. Usually for 
experiments on the OH-stretching mode of water molecule, a small amount of H2O is added to 
D2O. In equilibrium, after the isotopic exchange is completed, the solution consists of D2O 
and HDO molecules, while the concentration of H2O is negligible. Chemically this solution is 
practically identical to pure water. The structure of hydrogen bonding remains virtually 
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unchanged yet the spectrum of the OH-oscillators becomes substantially simplified (dashed 
line in Fig.1.2). The simplification of the spectrum occurs first of all due to the absence of the 
splitting of the OH-stretch vibration into the symmetric and antisymmetric modes in the HDO 
molecule. Apart from this, the intermolecular coupling cannot occur in this system since the 
lighter OH-oscillators do not couple to the more massive OD-oscillators. In dilute solutions, 
the OH-groups are also separated from each other. Thus, the spectrum of the OH-stretching 
mode of HDO molecules in D2O mainly reflects the local environment of the OH-oscillator. 
Therefore, the OH-stretch vibration of HDO molecules in D2O can be used as a convenient 
probe to study hydrogen bonding in water. The second advantage of using isotopically 
substituted water is that in such a solution, with varying concentration of HDO molecules in 
heavy water, the optical density can be easily altered. 
Linear absorption spectroscopy provides only a static projection of dynamical processes 
taking place in the liquid. However, the molecular structure of the liquid phase and processes 
related to the energy redistribution are not static. Typically, liquid molecular dynamics occupy 
timescales from several tens of femtoseconds to tens of picoseconds [119-121]. In water, the 
dynamics of hydrogen bonding plays a central role determining many fundamental processes, 
such as, for instance, proton transfer. Therefore, a molecular theory of water should account 
for the dynamical character of hydrogen bonding. Understanding the molecular dynamics of 
water has also a very important practical motivation: it helps to understand the dynamics of 
chemical and biological processes, which take place in this solvent.  
Nonlinear spectroscopic methods are the most appropriate for studying the ultrafast liquid 
state dynamics, since only these methods allow studying microscopic interactions and 
dynamical processes on femtosecond and picosecond timescales. Nonlinear spectroscopy can 
also provide essential information for an explanation of the fundamental properties of this 
liquid, unveiling patterns of its structural dynamics [122]. 
In the first nonlinear spectroscopic studies of water, non-aqueous probe molecules, were 
used to investigate the solvent dynamics [33,123]. Employing, for example, a dye molecule as 
a probe, allows using the visible spectroscopic region for the excitation and probing. The 
probe molecule in these experiments was considerably different from the solvent. The 
influence of the probe on the solvent as well as the unclear boundary between the solvent and 
intramolecular solute dynamics, hamper the observation of the processes related to the pure 
solvent. Therefore, this approach cannot be considered as a direct way of probing water 
dynamics. It mainly provides the picture of the specific solvation process and general 
information about the relevant timescales. 
Nonlinear infrared spectroscopy on the vibrational modes of water molecules allows 
obtaining direct information about molecular dynamics. In this approach the chromophore is 
the solvent itself. In the past decade there has been intensive activity aimed at studying water 
dynamics using methods of nonlinear infrared spectroscopy as well as a combination of 
infrared and Raman techniques [16-18,21,23,25,28,29,33,36,37,47,48,63,64,67-69,71,94,123]. 
In spite of considerable research efforts, many questions about water structure and dynamics 
remain unanswered. Some of these issues will be addressed in this thesis. 
One of the focus points of experimental and theoretical studies of water is the vibrational 
dephasing dynamics or the spectral diffusion process in the OH-stretch band. Research on this 
subject can provide information to clarify an important question about the lifetime of the 
hydrogen bond. This is related to the fact that the process of making and breaking of hydrogen 
bonds may largely determine the dephasing dynamics of vibrational modes of water 
molecules. MD simulations have predicted that the frequency fluctuation correlation function 
for this vibration should be bimodal with fast and slow components having characteristic time 
scales of the order of 30-50 and 700-900 fs, respectively [24,40,41,54,55,124]. The slow 
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dynamics has been observed in hole burning experiments [17,21,28], while detection of the 
fast component has been problematic due to the limited time resolution of these experiments. 
Moreover, in an echo-peak shift study of water a third, slow component with a characteristic 
time of the order of 15 ps, has been detected [64]. Although it has been shown that the 
echo-peak shift in most cases reflects the frequency fluctuation correlation function directly 
[125,126], the interpretation of the echo-peak shift data for water was complicated due to the 
presence of thermal effects. The latter are related to the temperature shift in the sample caused 
by absorption of the laser pulses. Thus, in fact, only the component with a characteristic time 
in the range of 700-900 fs has been unambiguously proven to exist in the molecular dynamics 
of water. This component is commonly related to the lifetime of a hydrogen bond. The 
dynamics at sub-100 fs timescale as well as the 15 ps component still need to be elucidated. 
A correct analysis of the experimental data is only possible if the origin of all observed 
phenomena is understood. The thermal effect, mentioned above, is one of the experimental 
phenomena that complicates the interpretation of the experimental data. Absorption of the 
excitation pulses in a spectroscopic experiment always leads to a certain temperature shift in 
the sample. In nonlinear infrared spectroscopy, this temperature change may reach 
considerable values since relatively high energies of the excitation pulses are used in this case. 
Due to the high sensitivity of the infrared water spectrum to the temperature change, 
pronounced thermal effects are observed in the infrared spectroscopic experiments [64,96]. If 
the sample is in the form of a solution of HDO molecules in D2O, as used in most of the 
nonlinear spectroscopic studies of water, the thermal effects may become complex, since both 
the chromophore (HDO) and the solvent (D2O) are susceptible to a temperature change. Thus, 
in order to interpret the data correctly, the thermal effects should be studied in detail.  
Another important issue in the spectroscopy of water is the Stokes shift of the spectrum of 
the OH-stretching vibrational mode. In hole burning experiments on the OH-stretch vibration 
of HDO molecules dissolved in D2O no clear Stokes shift was observed [28]. However, in 
later two colour pump-probe measurements a pronounced dynamical Stokes shift (~74 cm-1), 
taking place on a timescale of the order of 500 fs, was reported in the same system [70]. 
Recently, in MD simulations employing the semiclassical approach and especially dedicated 
to model the spectroscopic characteristics of this system, the Stokes shift was estimated to be 
of the order of 57 cm-1 [39]. The corresponding dynamics was predicted to be bimodal with 
fast and slow timescales of the order of 30 and 700 fs respectively. Thus, the existence of a 
Stokes shift for the OH-stretching vibrational mode in liquid water, its value and the 
corresponding timescales remain a controversial issue. 
The mechanism of the vibrational energy relaxation of the excited OH-stretching mode 
has also been a major focus in the studies of molecular dynamics of water. It has been shown 
that the population lifetime for the OH-stretching mode of HDO molecules dissolved in heavy 
water is about 740 fs at room temperature and increases with increasing temperature [47,68]. 
Such fast relaxation and uncommon temperature dependence was explained by direct 
involvement of the hydrogen bond into the energy relaxation process. The hydrogen bond was 
considered the main energy acceptor, which undergoes vibrational predissociation upon the 
energy transfer from the OH-stretching mode. It has been shown in a later study, employing a 
combined infrared-Raman technique, that relaxation of the energy from the excited OH-
stretching mode involves at early stages intra- and inter-molecular transfer to the bending 
mode [23,25]. This result was corroborated by MD simulations, which predict that the energy 
relaxation channel to the bending mode should be dominant [38,127]. However, the hydrogen 
bond is evidently involved into the process of the energy relaxation, since the population 
lifetime of the OH-stretch vibration of water molecules isolated in an inert solvent matrix 
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increases by an order of magnitude [94]. In this respect, the effect of the hydrogen bond on the 
process of vibrational energy relaxation remains unclear. 
Summarizing the present state of affairs in the field of the experimental studies of 
ultrafast processes in water, it is important to emphasize that obtaining new insight into the 
molecular dynamics of water requires a combination of improved technical capabilities and 
advanced experimental methods. Increasing the time resolution of the experiments to the sub-
100 fs level is essential since the dynamics of water is predicted to span these timescales 
[24,40]. In this Thesis, we present results of studies where infrared pulses of 70 fs duration are 
employed. We use two experimental methods of nonlinear spectroscopy: frequency resolved 
pump-probe and photon echo. These techniques allow studying a wide range of phenomena 
such as energy relaxation and vibrational dephasing. A rigorous formalism providing the 
theoretical background for the experimental methods employed in this thesis is presented in 
the subsequent Chapters. In the following sections of this Chapter, we give a basic 




1.3 Basics of nonlinear spectroscopy 
 
Nonlinear spectroscopic techniques are typically classified according to the power-law 
dependence on the applied electric field [128,129]. Nowadays, for spectroscopic applications, 
methods based on the third order nonlinearity are most commonly used. These are different 
types of four-wave mixing, such as pump-probe, photon echo, transient grating etc. In this 
type of experiments depending on the specific method two or three ultrashort laser pulses 
interacting with the sample generate a signal in a certain phase-matched direction. The 
dynamics of the system are studied monitoring the signal evolution upon variation of the delay 
between the incoming pulses. The information about the dynamics of the system is contained 
in both the spectral and temporal characteristics of the signal. 
Four-wave mixing techniques allow studying the dynamics of such processes as 
population relaxation, dephasing, molecular dipole orientations [129]. Also various processes 
in the studied system, which can be related to the behavior of experimental observables as, for 
instance, energy transfer, can be investigated. Different types of processes are monitored 
depending on the temporal and spatial permutations of the incoming fields and detected 
signals. 
As an illustrative example, pump-probe spectroscopy can be used (probably the most 
widely applied method of nonlinear spectroscopy). This technique allows solving a diversity 
of problems related to studying energy relaxation and orientation dynamics as well as 
examining energy transfer processes, spectral dynamics etc. The schematic representation of 
the experimental layout is shown in Fig.1.3.  In a pump-probe experiment two laser pulses 
having a spectrum that overlaps with the absorption line of the chromophore interact with the 
sample. The first pulse excites the system transferring part of the population to the first excited 
state leaving a “hole” in the population of the ground state. As a result of the action of the first 
pulse the sample becomes more transparent for the later probe pulse due to the ”hole” in the 
ground state and stimulated emission from the excited state. Usually this effect is called 
“induced bleaching”. We show it as a positive signal (see bottom left plot at Fig.1.3). At the 
same time induced absorption from the first excited state to higher energy levels becomes 
possible. As a result, an additional negative signal appears at a somewhat shifted wavelength. 
The frequency shift of the induced absorption with respect to the induced bleaching, provides 
the value of anharmonicity of the transition. With increasing delay between the pump and 
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probe pulses the signal decays due to population relaxation and reorientational dynamics of 
the molecules. An example of the pump-probe signal, measured when the delay between 
pulses is scanned, while the detected wavelength is constant, is shown at the bottom right plot 
of Fig.1.3. The contribution related to the molecular reorientations is separated from the 
population relaxation dynamics by means of polarization-resolved measurements. 
 
 
Fig.1.3. Principle of the pump-probe spectroscopy. Top figure represents the schematic of 
experimental setup. The bottom left and right plots depict examples of frequency-resolved and time-
resolved pump-probe signals, respectively. Diagrams illustrating energy transitions corresponding to 
the pump-probe signal are shown in the inset of the bottom left plot. 
Along with pump-probe, the photon echo will be used as a research tool in this work. 
Photon echo is a powerful technique to obtain information about line broadening mechanisms, 
underlying dephasing processes, and about the respective timescales. The basic idea of this 
method can be illustrated using a mechanical analogue: representing a quantum system of 
molecular microscopic oscillators by a set of macroscopic mechanical oscillators as shown in 
Fig.1.4. The oscillators have slightly different frequencies within a certain band. In a photon 
echo experiment the sample is excited by an ultrashort pulse with a spectrum overlapping with 
the spectrum of the oscillators. In the mechanical analog, the action of the excitation pulse is 
equivalent to a fast stroke to all the oscillators that makes them all move in-phase. The thick 
curve in Fig.1.4 is the sum of the individual amplitudes of the oscillators (shown as thin solid 
lines). It has maximal value at the initial moment, when all the oscillators are in phase, and 
gradually decays, when the synchronized movement of them is mismatched due to the 
difference in their frequencies. Then the second ultrashort pulse is applied, which initiates 
 9 
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rephasing process. In the mechanical analog it is the second stroke, which is applied to all the 
oscillators at the same time. It reverses the direction of their movement. In an ideal case, when 
no intermolecular interactions in the system exists (the oscillators vibrate independently and 
no side force is applied), after time τ’ equal to the separation between the excitation pulses the 
phase of all the oscillators is conjugated again. In the mechanical system, the oscillators will 
be aligned as in the moment of the first stroke. In the quantum mechanical system, the photon 




Fig.1.4. Concept of the photon echo spectroscopy. Panel (a) represents a model of the photon echo 
formation in the absence of the interactions leading to the dephasing of the oscillators. The case 
when the dephasing takes place is illustrated in the panel (b). 
This was the ideal case, when no dephasing occurs in the system. In reality during the 
delay between pulses the probe molecules in the studied system interact with their 
environment (illustrated in Fig.1.4b as an impact with an external object), which leads to the 
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disruption of the phase of some oscillators. These oscillators will not be rephased at time τ 
and, therefore, will not contribute to the echo signal. Consequently, the intensity of the echo 
will be lower as compared to the case of the ideal system without interactions. Obviously, 
increase of the time delay between the incoming laser pulses will lead to an increase of the 
number of the oscillators, whose phases are disrupted and the echo signal will decay. Thus, the 
behavior of the echo upon the change of the delay between the incoming laser pulses will 
reflect the dynamics of the interactions in the system. In real systems, apart from the intensity 
of the echo signal also its time position, shape and the frequency spectrum contain information 
about the system dynamics. 
In a photon echo experiment as well as in other nonlinear spectroscopic techniques, 
the molecular dynamics is captured through the time-dependent modulation of the transition 
frequency )(tδω  expressed in the form of a correlation function 
 
 )()0()( ttC δωδω=  (1.1) 
 
The correlation function is the key quantity, which is derived from the experimental photon 
echo data. It actually provides the information about the dynamics of the interactions between 
the probe molecule and its environment (solvent). 
 
 
1.4 Generation and characterization of femtosecond infrared pulses 
 
Nonlinear spectroscopic experiments imply the use of pulsed laser radiation for excitation 
and probing of the optical transitions. The time and frequency resolution in nonlinear 
spectroscopic experiments are determined by the characteristics of the laser pulses. For 
studying liquid state dynamics, which often occur on the sub-picosecond timescales, laser 
pulses with femtosecond duration are required. Furthermore, spectral tunability of the laser 
pulses is essential since in most cases the laser pulse spectrum should overlap with the 
absorption band of the chromophore. Generation of tunable femtosecond infrared (IR) laser 
pulses having sufficient energy for spectroscopic experiments has long been one of the key 
issues in the optical technology [130,131]. There are no tunable lasers directly emitting 
femtosecond pulses with a spectrum in the range beyond 3 µm. Therefore, frequency 
conversion techniques employing second order nonlinear processes are traditionally used to 
modify the frequency of the pulses from the visible or near-IR to the mid-IR region. 
Optical parametric processes are generally subdivided into the following categories: 
second-harmonic generation (SHG), sum-frequency generation (SFG) and difference-
frequency generation (DFG). The basic idea of these methods is as follows [137]. Intense 
electromagnetic fields at frequencies ω1 and ω2 incident on a medium induce an optical 
polarization. Due to non-linearity of the medium response, components of the polarization 
nonlinear with the incident fields are induced along with the linear polarization. The second-
order nonlinear polarization generates new electromagnetic field at frequencies ω1 + ω2 (SFG) 
or ω1 - ω2 (DFG). In this process, both energy and momentum should be conserved. The 
energy conservation condition can be written as:  
 
 321 ωωω =+  (1.2) 
 




 k1 + k2 = k3 (1.3) 
 
In the process of optical parametric generation or amplification, an input pump photon of 
higher frequency ω pump is split into two photons of lower frequencies through a down-
conversion process, generating two new waves: one called the signal (ω signal), and the other is 
the idler (ω idler). This is illustrated in Fig.1.5.  
Normally, the signal has higher frequency than the idler. Which frequencies of the signal 
and the idler are generated in the down-conversion process is determined by both the phase-
matching and energy conservation conditions. 
The spontaneous down conversion process requires a high second-order susceptibility of 
the nonlinear medium in order to achieve considerable conversion efficiency of the pump into 
the signal and idler. To obtain a useful intensity of the signal or the idler, the nonlinear 
medium is placed into a resonator. This is the principle of the optical parametric oscillator. 
In an optical parametric amplifier, extremely high pump intensities are used and, 
therefore, a substantial efficiency of energy conversion can be achieved in a single pass of the 
pump pulse through the nonlinear medium. This means that a single pump pulse is already 
enough to generate considerable signal power through a single parametric interaction. In case 
spontaneous down-conversion does not provide the required power level of the signal and 
idler, a weak seed pulse with central frequency matching ωsignal is used. Thus, this pulse being 
applied to the nonlinear medium together with the pump is amplified, while the difference 
frequency idler is generated. The latter method is used in this work to produce the 
femtosecond infrared pulses for the experimental studies of the molecular dynamics of liquid 
water. 
Thorough characterization of generated laser pulses is essential for proper interpretation 
of actual experiments because processes in the studied systems often occur on timescales 
comparable with the laser pulse duration [71]. Direct measurement of femtosecond pulses is 
not feasible, since no instrument exists that provides such time resolution. Therefore, indirect 
methods are used. These methods can be separated into two main categories. In the first case a 
well-characterized reference pulse is required, which allows characterization of the unknown 
one using interferometric methods [132]. However, in most experimental situations such a 
well-characterized pulse is not available. In this case various self-referencing techniques are 
employed such as correlation methods and self-referencing interferometry.  
Among the latter ones, there are two main techniques, which are employed most 
 
 
Fig.1.5. Schematic diagram of the energy (a) and momentum (b) conservation in the parametric 
generation. 
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frequently nowadays. Both these methods have shown their capability to measure pulses with 
durations as short as 5 fs [133,134]. In the first technique, called Frequency Resolved Optical 
Gating  (FROG), the studied pulse is correlated with its replica [135]. The second method, 
called Spectral Interferometry for Direct Electric Field Reconstruction (SPIDER) is a variation 
of interferometric techniques employing self-referencing [136]. 
Choice of the method for the characterization of laser pulses depends on the actual 
experimental situation. In general, the use of SPIDER is preferential if real time 
characterization is required as, for example, in the case of experimental system optimization or 
pulse shaping. The advantage of FROG is in relative simplicity of its experimental 
arrangement and the large variety of its experimental realizations that allows choosing the 
most convenient method for each situation. In Chapter 2 we will present a new variation of the 
FROG technique, which we called Frequency Resolved Pump-Probe (FRPP). We demonstrate 
the convenience of this method for characterization of infrared femtosecond laser pulses. 
 
 
1.5 Scope of this Thesis 
 
In this Thesis, the femtosecond molecular dynamics of water is studied using methods of 
nonlinear infrared spectroscopy. Intermolecular interactions and rapid motions of molecules in 
liquids lead to ultrafast dephasing of molecular vibrational transitions as well as promote 
vibrational energy relaxation. In water the hydrogen bond constitutes the dominant feature of 
the intermolecular interactions determining the microscopic structure of both the ice and the 
liquid phase. Therefore, this phenomenon largely governs the molecular dynamics. Thus, 
investigating dephasing dynamics and vibrational population relaxation process one can gain 
knowledge about hydrogen bonding and the microscopic structure of liquid water. 
The OH-stretching vibrational mode of water molecules is studied since, as we have 
shown above, the spectral dynamics of this vibration reflects characteristics of the hydrogen 
bond. Hence, the probe for the solvent dynamics is the solvent itself, which provides direct 
information about the temporal behavior of the microscopic structure of the system. The 
infrared photon echo and pump-probe techniques are employed to examine the ultrafast 
timescales in the dynamics of water molecules in the liquid phase. 
Since the fastest dynamics in liquid water was predicted to occur on a sub-100 
femtoseconds timescale [24,40,124] infrared laser pulses with duration not exceeding this time 
limit should be generated. Accurate characterization of the generated pulses is required for a 
reliable analysis of the experimental data. In Chapter 2, we describe the method of generation 
and characterization of the infrared laser pulses with 70 fs duration, tunable in a frequency 
range from 3100 to 3800 cm-1. The pulses are generated in a multistage optical parametric 
amplifier and characterized using a frequency resolved pump-probe technique.  
The theoretical formalism of nonlinear infrared spectroscopy is summarized in Chapter 3. 
In this Chapter, the expression for the third order nonlinear polarization is derived, which is 
used later to simulate the results of the experiments and extract information about the 
molecular dynamics in the studied system. 
In Chapter 4, the early-time molecular dynamics of liquid water is studied using the 
heterodyne-detected photon echo technique. We show that the dynamics of water has a 
bimodal character with a fast timescale of 130±20 femtoseconds (fs). The slower dynamics 
occurs on a timescale in the range 0.6-1 picosecond (ps). The physical background behind 
these timescales is discussed. The processes underlying the observed timescales are related to 
the dynamics of the hydrogen bonds. In particular, the process of making and breaking of 
hydrogen bonds is reflected in these experimental results. 
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Thermal effects caused by the absorption of energy of the pump pulses and the 
subsequent rise of temperature in the sample, are observed in nonlinear spectroscopic studies 
of water. In particular the photon echo-peak shift was shown to be largely determined by 
thermal effects [64]. The thermal response interferes with the photon echo signal, substantially 
hampering observation of the long-time system dynamics. A thorough investigation of the 
thermal effect, using a combination of methods such as heterodyne-detected transient grating 
and photon echo, pump-probe, and linear infrared spectroscopy is presented in Chapter 5. An 
expression for the third order nonlinear polarization, comprising the thermal effects is derived. 
In order to choose an adequate model, describing the system-bath interactions and, 
therefore, constituting the basis for the experimental data analysis, the dynamical Stokes shift 
of the spectrum of the corresponding vibrational mode has to be examined. This effect is 
reflected in the results of the photon echo experiments and should be taken into account in the 
analysis of the experimental data. In Chapter 6, we study the dynamical Stokes shift of the 
OH-stretching vibrational mode spectrum, using the frequency-resolved pump-probe 
technique. Furthermore, the frequency shift between the ground and excited state transitions, 
which is related to the anharmonicity of this vibrational mode, as well as the shape of the 
absorption contour of the excited state transition, is investigated. 
Due to the fast decay of the signal, the heterodyne-detected two-pulse photon echo 
technique, employed in Chapter 4, does not provide an accurate figure for the timescale of the 
long-time water dynamics. The echo-peak shift method, earlier shown to be one of the best 
suitable techniques to study molecular dynamics that occur on the long timescales [125], was 
used instead. The results are presented in Chapter 7. Since the echo-peak shift data are 
complicated by thermal effects, we use the experimental results and the theoretical model 
developed in Chapter 5, to analyze the data. 
In Chapter 8, we address the issue of the influence of hydrogen bonding on vibrational 
energy relaxation in water. The mechanism of energy relaxation from the excited OH-
stretching mode is studied by carrying out frequency-resolved pump-probe measurements on 
solutions of water in acetonitrile at different concentrations. 





[1] G. W. Robinson, C. H. Cho. Biophys. J. 77, 3311-3318 (1999). 
[2] W. A. P. Luck: Water and Ions in Biological Systems, Plenum, New York, 1985. 
[3] M.-C. Bellissent-Funel. J. Mol. Liquids 84, 39-52 (2000). 
[4] G. W. Robinson, S.-B. Zhu, S. Singh, M. W. Evans: Water in Biology, Chemistry 
and Physics: Experimental Overviews and Computational Methodologies, World 
Scientific, Singapore, 1996. 
[5] C. H. Cho, S. Singh, G. W. Robinson. Faraday Discuss 103, 19-27 (1996). 
[6] F. Franks: Water: A matrix of life, Royal Society of Chemistry, Cambridge,, 2000. 
[7] H. E. Stanley, S. V. Budyrev, M. Canpolat, M. Meyer, O. Mishima, M. R. Sadr-
Lahijany, A. Scala, F. W. Starr. Physica A 257, 213-232 (1998). 
[8] H. E. Stanley, S. V. Budyrev, M. Canpolat, S. Havlin, O. Mishima, M. R. Sadr-
Lahijany, A. Scala, F. W. Starr. Physica D 133, 453-462 (1999). 
[9] F. Franks, in Water: A Comprehensive Treatise,  F. Franks (Ed.),Plenum Press,  New 
York, 1972. 
[10] D. Eisenberg, W. Kauzman: The structure and properties of water, Oxford University 
Press, London, 1969. 
 14 
 General introduction 
[11] L. Pauling: The Nature of the Chemical Bond, Cornell University Press, New York, 
1948. 
[12] C. N. R. Rao, in Water: A comprehensive treatise, F. Franks (Ed.), Plenum Press, 
New York, 1972, p. 93-114. 
[13] W. A. P. Luck. J. Mol. Struct. 448, 131-142 (1998). 
[14] G. E. Schulz, R. H. Schirmer: Principles of protein structure, Springer Verlag, New 
York, 1979. 
[15] Y. S. Badyal, M.-L. Saboungi, D. L. Price, S. D. Shastri, D. R. Haeffner, A. K. Soper. 
J. Chem. Phys. 112, 9206-9208 (2000). 
[16] H. J. Bakker, S. Woutersen, H.-K. Nienhuys. Chem. Phys. 258, 233-245 (2000). 
[17] H. J. Bakker, H.-K. Nienhuys, G. Gallot, N. Lascoux, G. M. Gale, J.-C. Leicknam, S. 
Bratos. J. Chem. Phys. 116, 2592-2598 (2002). 
[18] H. J. Bakker, H.-K. Nienhuys. Science 297, 587-590 (2002). 
[19] S. W. Benson, E. D. Siebert. J. Am. Chem. Soc. 114, 429-4276 (1992). 
[20] W. B. Bosma, L. E. Fried, S. Mukamel. J. Chem. Phys. 98, 4413-4421 (1993). 
[21] S. Bratos, G. M. Gale, G. Gallot, F. Hache, N. Lascoux, J.-C. Leicknam1. Phys. Rev. 
E 61, 5211-5217 (2000). 
[22] D. M. Carey, G. M. Korenowski. J. Chem. Phys. 108, 2669-2675 (1998). 
[23] J. C. Deak, S. T. Rhea, L. K. Iwaki, D. D. Dlott. J. Phys. Chem. A 104, 4866-4875 
(2000). 
[24] M. Diraison, Y. Guissani, J.-C. Leicknam, S. Bratos. Chem. Phys. Lett. 258, 348-351 
(1996). 
[25] D. D. Dlott. Chem. Phys. 266, 149-166 (2001). 
[26] J. C. Dore. J. Mol. Struct. 250, 193-211. (1991). 
[27] R. C. Dougherty, L. N. Howard. J. Chem. Phys 109, 7379-7393 (1998). 
[28] G. M. Gale, G. Gallot, F. Hache, N. Lascoux, S. Bratos, J.-C. Leicknam. Phys. Rev. 
Lett. 82, 1068 (1999). 
[29] H. Graener, G. Seifert, A. Laubereau. Phys. Rev. Lett. 66, 2092 (1991). 
[30] J. L. Green, A. R. Lacey, M. G. Sceats. J. Phys. Chem. 90, 3958-3964 (1986). 
[31] D. E. Hare, C. M. Sorensen. J. Chem. Phys. 93, 6954 (1990). 
[32] D. E. Hare, C. M. Sorensen. J. Chem. Phys. 96, 13-22 (1992). 
[33] R. Jimenez, G. R. Fleming, P. V. Kumar, M. Maroncelly. Nature 369, 471-473 
(1994). 
[34] N. Karger, H.-D. Ludemann, M. G. Sceats. Ber. Bunsenges. Phys. Chem. 99, 1104-
1109 (1995). 
[35] P. G. Kusalik, I. M. Svishchev. Science 265, 1219-1221 (1994). 
[36] R. Laenen, C. Rauscher, A. Laubereau. J. Phys. Chem. B 102, 93-04-9311 (1998). 
[37] R. Laenen, K. Simeonidis, A. Laubereau. J. Phys. Chem. B 106, 408-417 (2002). 
[38] C. P. Lawrence, J. L. Skinner. J. Chem. Phys. 117, 5827-5838 (2002). 
[39] C. P. Lawrence, J. L. Skinner. J. Chem. Phys. 117, 8847-8854 (2002). 
[40] C. P. Lawrence, J. L. Skinner. Chem. Phys. Lett. 369, 472-477 (2003). 
[41] C. P. Lawrence, J. L. Skinner. J. Chem. Phys. 118, 264-272 (2003). 
[42] F. O. Libnau, J. Toft, A. A. Christy, O. M. Kvalheim. J. Am. Chem. Soc. 116, 8311 
(1994). 
[43] A. J. Lock, H. J. Bakker. J. Chem. Phys. 117, 1708-1713 (2002). 
[44] A. Luzar, D. Chandler. Phys. rev. Lett. 76, 928-931 (1996). 
[45] A. Luzar. J. Chem. Phys. 113, 10663-10675 (2000). 
[46] J. Marti, J. A. Padro, E. Guardia. J. Chem. Phys. 105, 639-649 (1996). 
 15 
Chapter 1 
[47] H.-K. Nienhuys, S. Woutersen, R. A. van Santen, H. J. Bakker. J. Chem. Phys. 111, 
1491 (1999). 
[48] H.-K. Nienhuys, R. A. van Santen, H. J. Bakker. J. Chem. Phys. 112, 8487-8494 
(2000). 
[49] I. Ohmine, H. Tanaka, P. G. Wolynes. J. Chem. Phys. 89, 5852-5860 (1988). 
[50] I. Ohmine, H. Tanaka. J. Chem. Phys. 93, 8138-8147 (1990). 
[51] I. Ohmine. J. Phys. Chem. 99, 6767-6776 (1995). 
[52] S. Palese, L. Schilling, R. J. D. Miller, P. R. Staver, W. T. Lotshaw. J. Phys. Chem. 
98, 6308 (1994). 
[53] S. Palese, S. Mukamel, R. J. D. Miller, W. T. Lotshaw. J. Phys. Chem. 100, 10380 
(1996). 
[54] A. Piryatinski, C. P. Lawrence, J. L. Skinner. J. Chem. Phys. (2003). 
[55] A. Piryatinski, C. P. Lawrence, J. L. Skinner. J. Chem. Phys. (2003). 
[56] C. Ronne, P.-O. Astrand, S. Keiding. Phys. Rev. Lett. 82, 2888-2891 (1999). 
[57] M. Sasai. J. Chem. Phys. 93, 7329-7341 (1990). 
[58] M. Sasai, I. Ohmine, R. Ramaswamy. J. Chem. Phys. 96, 3045-3053 (1992). 
[59] S. Sastry, F. Sciortino, H. E. Stanley. J. Chem. Phys. 98, 9863-9872 (1993). 
[60] J. R. Scherer, M. K. Go, S. Kint. J. Phys. Chem. 78, 1304-1313 (1974). 
[61] F. Sciortino, P. H. Poole, H. E. Stanley, S. Havlin. Phys. Rev. Lett. 64, 1686-1689 
(1990). 
[62] F. W. Starr, J. K. Nielsen, H. E. Stanley. Phys. Rev. Lett. 82, 2294 (1999). 
[63] J. Stenger, D. Madsen, P. Hamm, E. T. J. Nibbering, T. Elsaesser. Phys. Rev. Lett. 87, 
027401 (2001). 
[64] J. Stenger, D. Madsen, P. Hamm, E. T. J. Nibbering, T. Elsaesser. J. Phys. Chem. A 
106, 2341-2350 (2002). 
[65] I. M. Svishchev, P. G. Kusalik. J. Chem. Phys 99, 3049-3058 (1993). 
[66] G. E. Walrafen, M. S. Hokmabadi, W.-H. Yang. J. Chem. Phys. 85, 6964 (1986). 
[67] S. Woutersen, U. Emmerichs, H. J. Bakker. Science 278, 658-660 (1997). 
[68] S. Woutersen, U. Emmerichs, H.-K. Nienhuys, H. J. Bakker. Phys. Rev. Lett. 81, 
1106 (1998). 
[69] S. Woutersen, H. J. Bakker. Nature 402, 507-509 (1999). 
[70] S. Woutersen, H. J. Bakker. Phys. Rev. Lett 83, 2077 (1999). 
[71] S. Yeremenko, M. S. Pshenichnikov, D. A. Wiersma. Chem. Phys. Lett. 369, 107-113 
(2003). 
[72] H. E. Stanley. J. Phys. A 12, L329 (1979). 
[73] H. E. Stanley, J. Teixeira. J. Chem. Phys 73, 3404-3422 (1980). 
[74] F. H. Stillinger, T. A. Weber. Phys. Rev. A 25, 978-989 (1982). 
[75] F. H. Stillinger, T. A. Weber. Phys. Rev. A 28, 2408-2416 (1983). 
[76] F. H. Stillinger, T. A. Weber. J. Phys. Chem. 87, 2833-2840 (1983). 
[77] P. A. Giguere. J. Chem. Phys. 87, 4835-4839 (1987). 
[78] H. Tanaka. J. Chem. Phys. 112, 799-809 (2000). 
[79] H. Tanaka. Phys. Rev. Lett 80, 5750-5753 (1998). 
[80] A. Khan. J. Phys. Chem 104, 11268-11274 (2000). 
[81] F. Stillinger. Science 209, 451456 (1980). 
[82] S. A. Rice, M. G. Sceats. J. Phys. Chem. 85, 1108-1119 (1981). 
[83] C. A. Angell. J. Phys. Chem. 75, 3698-3710 (1971). 
[84] R. L. Blumberg, H. E. Stanley, A. Geiger, P. Mausbach. J. Chem. Phys. 80, 5230-
5241 (1984). 
[85] R. J. Speedy. J. Phys. Chem. 88, 3364-3373 (1984). 
 16 
 General introduction 
[86] G. W. Robinson, C. H. Cho, J. Urquidi. J. Chem. Phys. 111, 698-702 (1999). 
[87] Y. Y. Efimov, Y. I. Naberukhin. Mol. Phys. 36, 973-992 (1978). 
[88] G. E. Walrafen, M. R. Fisher, M. S. Hokmabadi, W.-H. Yang. J. Chem. Phys. 85, 
6970-6983 (1986). 
[89] A. H. Narten, W. E. Thiessen, L. Blum. Science 217, 1033-1034 (1982). 
[90] K. Belsley, M. G. Sceats. Chem. Phys. Lett. 70, 504-507 (1980). 
[91] Y. J. Chang, J. E. W. Castner. J. Chem. Phys. 99, 113-125 (1993). 
[92] G. D'Arrigo, G. Maisano, F. Mallamace, P. Migliardo, F. Wanderligh. J. Chem. Phys. 
75, 4264-4269 (1981). 
[93] M. Falk, T. A. Ford. Can. J. Chem. 44, 1699-1707 (1966). 
[94] H. Graener, G. Seifert, A. Laubereau. Chem. Phys. 175, 193-204 (1993). 
[95] T. Iwata, J. Koshoubu, C. Jin, Y. Okubo. Applied Spec. 51, 1269-1275 (1997). 
[96] A. J. Lock, S. Woutersen, H. J. Bakker. J. Phys. Chem. A 105, 1238-1243 (2001). 
[97] Y. Marechal. J. Chem. Phys. 95, 5565-5573 (1991). 
[98] W. B. Monosmith, G. E. Walrafen. J. Chem. Phys. 81, 669-674 (1984). 
[99] W. Mikenda. J. Mol. Structure 147, 1-15 (1986). 
[100] M. Moskovits, K. H. Michaelian. J. Chem. Phys. 69, 2306-2311 (1978). 
[101] W. F. Murphy, H. J. Bernstein. J. Phys. Chem. 76, 1972 (1972). 
[102] J. R. Scherer, M. K. Go, S. Kint. J. Phys. Chem. 77, 1973 (1973). 
[103] K. L. Vodopyanov. J. Chem. Phys. 94, 5389-5393 (1991). 
[104] G. E. Walrafen. J. Chem. Phys. 47, 114-127 (1967). 
[105] G. E. Walrafen. J. Chem. Phys. 48, 244-251 (1968). 
[106] G. E. Walrafen, Y. C. Chu, G. J. Piermarini. J. Phys. Chem. 100, 10363-10373 
(1996). 
[107] G. E. Walrafen, W.-H. Yang, Y. C. Chu. J. Phys. Chem. B 103, 1332-1338 (1999). 
[108] D. You, R. R. Jones, P. H. Bucksbaum, D. R. Dykaar. Opt. Lett. 18, 290-293 (1993). 
[109] Y. Tanimura, S. Mukamel. J. Chem. Phys . 99, 9496-9511 (1993). 
[110] T. Steffen, S. Nakashima, K. Duppen. Laser Chemistry 19, 91-96 (1999). 
[111] V. Astinov, K. J. Kubarych, C. J. Milne, R. J. D. Miller. Chem. Phys Let. 327, 334-
342 (2000). 
[112] K. J. Kubarych, C. J. Milne, R. J. D. Miller. International Reviews in Physical 
Chemistry 22, 497 - 532 (2003). 
[113] O. Golonzka, N. Demirdoven, M. Khalil, A. Tokmakoff. J. Chem. Phys. 113, 9893-
9896 (2000). 
[114] K. J. Kubarych, C. J. Milne, R. J. D. Miller. Chem. Phys. Lett. 369, 635-642. (2003). 
[115] T. I. C. Jancen, J. G. Snijders, K. Duppen. J. Chem. Phys. 114, 10910-10921 (2001). 
[116] G. Herzberg: Infrared and Raman Spectra of Polyatomic Molecule, Krieger, New 
York, 1991. 
[117] C. I. Ratcliffe, D. E. Irish. J. Phys. Chem. 86, 4897-4905 (1982). 
[118] J. R. Reimers, R. O. Watts. Chem. Phys. Lett. 94, 222-226 (1983). 
[119] D. A. Wiersma (Ed.), Femtosecond reaction dynamics. North-Holland, Amsterdam, 
1994. 
[120] A. H. Zewail (Ed.), Femtochemistry. World Scientific, Singapore, 1994. 
[121] M. Chergui (Ed.), Femtochemistry. World Scientific, Singapore, 1995. 
[122] G. R. Fleming: Chemical Applications of Ultrafast Spectroscopy, Oxford University 
Press, New York, 1986. 
[123] P. Hamm, M. Lim, R. M. Hochstrasser. Phys. Rev. Lett. 81, 5326 (1998). 
[124] R. Rey, K. B. Mοller, J. T. Hynes. J. Phys. Chem. A 106, 11993-11996 (2002). 
 17 
Chapter 1 
[125] W. P. de Boeij, M. S. Pshenichnikov, D. A. Wiersma. Chem. Phys. Lett. 253, 53-60 
(1996). 
[126] T. Joo, Y. Jia, J.-Y. Yu, M. J. Lang, G. R. Fleming. J. Chem. Phys. 104, 6089-6108 
(1996). 
[127] R. Rey, J. T. Hynes. J. Chem. Phys. 104, 2356-2368 (1996). 
[128] R. W. Boyd: Nonlinear optics, Academic Press, Boston, MA, 1992. 
[129] S. Mukamel: Principles of Nonlinear Optical Spectroscopy, Oxford University Press, 
New York, 1995. 
[130] J. A. Giordmaine, R. C. Miller. Phys. Rev. Lett. 14, 973–976 (1965). 
[131] V. Petrov, F. Noack, R. Stolzenberger. Appl. Opt. 36, 1164-1172 (1997). 
[132] L. Lepetit, G. Cheriaux, M. Joffre. J Opt. Soc. Am. B 12, 2323-2540 (1995). 
[133] L. Gallmann, D. H. Sutter, N. Matuschek, G. Steinmeyer, U. Keller, C. Iaconis, I. A. 
Walmsley. Opt. Lett. 24, 1314-1316 (1999). 
[134] A. Baltuska, M. S. Pshenichnikov, D. A. Wiersma. Opt. Lett. 23, 1474-1476 (1998). 
[135] R. Trebino, K. W. DeLong, D. N. Fittinghoff, J. Sweetser, M. A. Krumbьgel, B. 
Richman, D. J. Kane. Rev. Sci. Instrum. 68, 3277-3295 (1997). 
[136] C. Iaconis, I. A. Walmsley. Opt. Lett. 23, 792–794 (1998). 












In this Chapter we describe the design of an optical parametric amplifier that allows the 
generation of infrared laser pulses suitable for ultrafast nonlinear spectroscopy on the 
OH-stretching mode of water molecules. Mid-infrared femtosecond pulses, tunable in the 
range of 2800-3800 cm-1 with sub-100 fs duration and ~15 µJ energy are produced by an 
optical parametric amplifier driven at 1 kHz by 750 mJ, 800-nm pulses from a Ti:Sapphire 
amplifier. In this setup, tunable low-energy femtosecond pulses in the near infrared are 
generated by continuum amplification in β-barium borate, and subsequently the near-infrared 
pulses are amplified in two stages in potassium titanyl phosphate pumped by 800 nm radiation 
to produce intense mid-infrared pulses. A novel method is used to characterize the ultrashort 
IR pulses. The technique utilizes a frequency-resolved pump–probe geometry common in the 
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Nonlinear infrared (IR) spectroscopy of the condensed phase is, at present, one of the 
most dynamic and developing fields in physical chemistry. The first experiments in this area 
employing the output of free electron lasers have revealed subpicosecond timescales of 
vibrational dynamics in liquid phase [1-3]. In the last few years, femtosecond mid-IR pulses 
have been rapidly gaining importance for site-sensitive vibrational spectroscopy on condensed 
matter [4-9]. Thus, generation and characterization of tunable femtosecond laser pulses in the 
mid-IR region is currently a subject of great importance. 
There are no direct femtosecond laser sources for the generation of tunable pulses with a 
spectrum centered at wavelengths longer then 3 µm due to the absence of suitable laser 
materials and mode-locking techniques. Therefore, techniques based on the processes of 
parametric frequency down-conversion are usually employed. Such methods often offer high 
conversion efficiency and very broad tunability of the output radiation. The progress in 
engineering of relatively simple and versatile frequency conversion systems for the generation 
of high-energy femtosecond pulses, tunable throughout the visible and IR regions, was greatly 
stimulated by advances in the development of Ti:Sapphire lasers and amplifiers [10-15].  
In the visible region generation of tunable femtosecond pulses with an energy of several 
micro-Joules has been achieved by making use of BBO based parametric oscillators and 
amplifiers. Employing non-collinear schemes with a BBO based parametric amplifier seeded 
with white light, allowed generation of pulses with spectra spanning from the near ultraviolet 
to the near-IR region and having sub-5 fs duration [16,17].  
In the mid-IR region, subpicosecond pulses suitable for nonlinear spectroscopic 
experiments have been generated employing a number of different nonlinear crystals and 
several schemes. For the generation of the IR pulses in the spectral range of 2-4 µm a KTP 
(KTiOPO4) crystal is commonly used. However, it was recently shown that utilizing 
aperiodically poled lithium niobate (LiNbO3) allows generation of mid-IR pulses in the 3 µm 
region with duration as short as 50 fs [18]. Also a noncollinear geometry for parametric 
interaction in MgO:LiNbO3 has been employed to produce high energy pulses in the 3 µm 
region with a duration of about 125 fs [19]. For down conversion further to the mid-IR (down 
to 10 µm) nonlinear crystals such as AgGaS2 or HgGa2S4 are usually used [20-24].  
The methods of frequency down-conversion are traditionally divided into those 
employing the principles of the optical parametric oscillator (OPO) and the optical parametric 
amplifier (OPA). In the first case, the nonlinear crystal is placed in a resonator cavity that 
provides high efficiency of frequency conversion. In the parametric amplification technique, 
the frequency conversion occurs during one pass through the nonlinear medium. The latter 
method has sufficient efficiency for ultrashort pulses with high peak intensities. In order to 
increase the efficiency of the parametric process the parametric amplifier is usually seeded 
with a relatively weak pulse, which is amplified. Thus, the techniques of parametric 
amplification can be classified by the methods of seeding. An output of an optical parametric 
oscillator or amplifier can be used to seed another parametric amplifier, forming in such a way 
nonlinear frequency conversion process in several stages. For example, in a narrow region 
around 3-µm, nearly transform-limited 0.5 µJ pulses at a repetition rate of 205 kHz with 
duration of about 160 fs were generated by parametric amplification in noncritically phase 
matched KTP, seeded by a synchronously pumped OPO [25]. A combination of near-IR (NIR) 
OPO based on KTP crystal and mid-IR OPA with several AgGaS2 crystals driven by pulsed 
Nd:YLF laser system allowed generation of 0.5 ps pulses in the range of 2.6-7 µm [26]. 
Another example of such an approach is that a commercial OPA system (TOPAS) is used to 
 20
 Generation and characterization of tunable mid-infrared femtosecond pulses 
generate a NIR beam for seeding of a KTP producing mid-IR pulses in the 3 µm region with a 
duration of 150-250 fs [27]. Quasi-cw laser radiation can also be used for seeding. For 
example, sub-100 fs pulses tunable in the region of 2.5 - 4.2 µm were produced in a single 
stage parametric amplification in the phase-matched KTP crystal pumped by a tunable high-
power femtosecond Ti:Sapphire laser at 1-kHz repetition rate and seeded by quasi-cw 
radiation from a Nd:YAG laser [28,29]. In the most recent schemes a white light continuum 
generated by the self-phase modulation process is often used as the seed [24,30]. A relatively 
simple but efficient method was demonstrated in which amplified, in a double stage BBO 
OPA near-IR continuum was used to seed a KTP based parametric amplifier generating 200 fs 
pulses with an energy reaching 13 µJ in the region of 2.5-4.2 µm [30].  
The 3 µm region is one of the most interesting for research, since such spectroscopically 
important vibrations as fundamental stretching modes of OH-, NH-, and CH-groups, are 
situated here. In the current work we focus our attention on the OH-stretch vibration of water 
molecules in the liquid phase. The spectrum of this vibrational mode is centered at  
3400 cm-1. Its full width at half maximum is about 250 cm-1. The fastest dynamics 
theoretically predicted for this vibration in liquid water has a sub-100 fs timescale [31,32]. 
Sub-100 fs pulses with a spectrum tunable in 3-µm region are, therefore, required for carrying 
out nonlinear spectroscopic experiments on this object. 
We present here a design of an optical parametric amplifier that allows generation of mid-
IR pulses tunable in the range of 2.5-3.5 µm with energies up to 15 µJ and duration of about 
70 fs. The IR pulses generated in the OPA are characterized using a novel technique for pulse 
characterization. The method is based on the measurement of the frequency resolved pump-
probe in a transparent medium with instantaneous nonlinearity. We propose an original 
algorithm that allows for the efficient pulse retrieval. The algorithm adjusts itself to the pulse 
complexity thus reducing substantially the processing time. 
 
 
2.2 Generation of the mid-IR femtosecond pulses 
 
For the generation of IR pulses with the required characteristics, we chose a design based 
on parametric amplification in a KTP crystal. The mid-IR pulses are generated as a difference 
frequency between a near-IR seed having a wavelength in the range of 1.08-1.18 µm, and the 
800 nm pump. The pumping source is a femtosecond Ti:Sapphire laser-amplifier system. The 
seed pulses are generated in a collinear BBO-based OPA seeded with white light. The 
tunability of the mid-IR output is achieved by tuning the wavelength of the near-IR seed 
pulses, the mutual delay between the seed and pump pulses, and the orientation of the 
nonlinear crystal. 
KTP has several advantages over other nonlinear crystals suitable for parametric 
generation in the 3-µm region. It has a relatively large damage threshold, a property, that is 
important to produce the high-energy output necessary for carrying out nonlinear 
spectroscopic experiments [28,33]. Moreover, in the wavelength region around 3-µm, a low 
group velocity mismatch between the signal-pump and the idler-pump waves can be achieved 
in this type of crystal [29]. This, together with its relatively high nonlinearity, provides high 
efficiencies of frequency conversion and consequently allows supporting substantial spectral 
bandwidth in the generated IR pulses.  
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The KTP crystal is biaxial and the highest effective nonlinearity is achieved in the case of 
Type-II interaction in the x-z plane [29,33]. The phase-matching angle curve for Type-II 
interaction [o(pump)-e(signal)+o(idler)] is presented in Fig.2.1 [34]. The shaded contour in 
Fig.2.1 depicts the range of crystal orientations employed in our work. The dotted line shows 
the cut angle of the KTP crystal used. 



























KTP Type II (x-z plane)
 
Fig.2.1. The phase-matching angle curve for Type-II interaction [o(pump)-e(signal)+o(idler)] in 
KTP with a pump wavelength of 800 nm. Solid line corresponds to the signal wave, while the dashed 
line to the idler. The shaded contour depicts the range of phase-matching angles used in this work. 
The dotted line shows the cut angle of the crystal. 
The schematic of the OPA system is shown in Fig.2.2. The characteristics of the 
parametric amplifier are summarized in a table shown in Fig.2.2. The setup is pumped by the 
output of a multipass Ti:Sapphire amplifier providing ~30 fs pulses centered at 800 nm with 
an energy of ~750 µJ. The system is driven at a 1 kHz repetition rate. The pump beam 
diameter is ~ 1 cm. Thus, its intensity reaches 0.1 TW/cm2. Due to such high intensity the 
pump beam undergoes substantial self-phase modulation in any optical material leading to 
alteration of its spectral and phase characteristics [35]. Such modification of the pump pulse 
can substantially lower the efficiency of the parametric generation process and lead to 
unpredictable characteristics of the IR pulses generated. Therefore, only reflective optics and 
thin (300 µm) beam-splitters and λ/2 plates (CVI) are employed for the pump beam to 
minimize the self-phase modulation effect, additionally preventing lengthening of the pump 
pulses due to group velocity dispersion. 
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Fig.2.2. The schematic of the OPA system. DL, mechanical delay line; BS, beam-splitter; L, lens; DM, 
dichroic mirror; FM, focusing mirror; λ/2  plate; RF, rejection filter. The characteristics of the parametric 
amplifier are summarized in the table. 
 
 
The parametric amplifier consists of four main stages. In the first stage, a single filament 
white light continuum is generated by focusing a small portion of the 800 nm radiation 
(~100 nJ) into a 2-mm sapphire plate. In the second stage the continuum is amplified in a 2-
mm BBO crystal (Type I phase-matching, o(pump)- e(seed)-e(idler) interaction, cut angle 
30o), and pumped collinearly by the second harmonic of the 800 nm beam. About 200 µJ 
energy of the fundamental 800 nm beam is employed at this stage. The second harmonic for 
the pump is generated in a 0.5 mm thick BBO crystal (cut angle 29o) with a conversion 
efficiency of approximately 20% that provides ~40 µJ of 400 nm radiation. The white light 
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continuum is focused to the parametric amplification crystal by the lens, L2. The pump beam 
diameter in the nonlinear medium is adjusted by means of a concave focusing mirror (FM1) in 
such a way that only its central part, where the beam has nearly perfect gaussian spatial 
intensity distribution, takes part in the amplification process. This provides high spatial quality 
of the generated beams. Furthermore, such alignment reduces influence of the spatial walk-off 
effects. The focal point of the 400 nm beam is ~5 cm behind the nonlinear crystal. The BBO 
crystal orientation and the mutual delay between the pump and seed pulses are tuned in such a 
way that a part of the continuum in the range 620-660 nm is amplified. The amplified pulses 
typically have spectral width of ~25 nm (FWHM) and an energy of the order of 200 nJ. 
Consequently, idler pulses with ~100 nJ energy, ~250 cm-1 bandwidth and a spectrum 
positioned in the range 1.1-1.2 µm are generated. The near-IR output is split off the pump and 
seed beams by means of a dichroic mirror DM2 (CVI) and collimated with a telescope 
constructed of a positive and a negative lens.  











Wavelength (µm)  
 
Fig.2.3. An example of the signal spectrum before (dashed line) and after the second amplification 
stage (solid line). 
In the third stage the near-IR output is amplified in a 2-mm long KTP crystal (Type II 
phase-matching, o(pump)- e(seed)-o(idler) interaction, cut angle 42o) pumped collinearly with 
150 µJ of the fundamental beam at 800 nm. The pump beam polarization is preliminarily 
rotated by 90o by means of a 300-µm half-wave plate. The signal beam has a diameter of ~2 
mm, while the pump beam diameter in the nonlinear crystal is adjusted by a concave focusing 
mirror (FM2) in a similar way as in the first amplification stage. Only the central part of the 
800 nm beam, where the spatial intensity distribution approaches perfect gaussian shape 
(approximately 10% of the total beam diameter), is employed in the frequency conversion 
process. The signal gain at this stage equals approximately 30. The energy of the produced 
near IR pulses is about 3 µJ. Taking into account that the interaction occurs only in the beam 
overlap area the efficiency of conversion of the pump pulse energy into the signal and idler 
reaches 20%. Due to the high efficiency of the parametric process the signal amplification is 
in the saturation regime, i.e. the pump pulse energy is substantially depleted. That effectively 
broadens the spectrum of the amplified pulses and provides better pulse-to-pulse stability in 
 24
 Generation and characterization of tunable mid-infrared femtosecond pulses 
the output [24]. 
stage is shown i
pulses, determin






signal and 800 n
collinearly in a s
type in the nonli








 After the se
The IR radiatio




















es of spectra of generated mid-IR pulses.  An example of the signal spectrum before and after the second amplification 
n Fig.2.3 as dashed and solid lines respectively. The duration of the signal 
ed from cross correlation measurements with fundamental 30 fs 800 nm 
ut of this stage, is approximately 150 fs. 
plification stage is constructed analogously to the second one. The near-IR 
m pump beams are combined on a dichroic mirror DM3 (CVI) and injected 
econd 2 mm long KTP crystal. The phase matching conditions and interaction 
near crystal are the same as those described in the previous stage. The pump 
µJ. The depletion of the pump reaches 60 µJ, which corresponds to almost 
in energy conversion. Thus from the pump beam depletion the energy of the 
 pulses can be estimated. In this case it is of the order of 15 µJ (for the 
ed at 2.8 µm). Owing to the large spectral width of the seed pulses (see 
bility in the region of our interest 3200 – 3600 cm-1 (for spectroscopy on OH-
 of HDO molecules) is achieved by changing only the orientation of both KTP 
sting the mutual delay between the pump and signal pulses. Examples of the 
ted mid-IR pulses are shown in Fig.2.4. 
cond amplification stage, the mid-IR pulses are collimated with a CaF2 lens. 
n is filtered out of the pump pulses by means of an uncoated GaAs plate 
pass filter.  
-resolved pump–probe characterization of femtosecond IR pulses 
wledge of the amplitude and phase of the IR-pulses is required to unravel 




Frequency-resolved optical gating (FROG) [36,37] is widely used for ultrashort pulse 
characterization. A number of outstanding features such as experimental simplicity, 
uniqueness of the retrieved amplitude and phase, and independent data consistency checks, 
based on the use of the so-called marginals [38], make FROG an invaluable tool in ultrafast 
spectroscopy. However, there are several limitations that hamper direct application of 
conventional FROG techniques in the mid-IR region. For instance, second-harmonic 
generation (SHG) FROG requires a specifically cut nonlinear crystal and detection in a 
spectrally shifted region [39,40]. The χ(3)-based variations of FROG (such as self-diffraction 
or transient-grating) call for a high magnitude of nonlinearity, appreciable pulse intensity, and 
high detector sensitivity, which are not readily available in the IR. Cross-correlation 
modifications of the FROG technique (XFROG) [41] necessitate addition of a reference pulse 




Fig.2.5. Schematic of experimental setup for pump-probe experiments. BS is an uncoated CaF2 
beam-splitter. CP is a compensation plate. DL is a delay line. LPF is a low-pass filter. 
Optical heterodyne detection provides a number of advantages over conventional 
homodyne-based FROG schemes [42,43]. The signal enhancement achieved as a result of 
heterodyning makes it possible to characterize low-intensity pulses using 3rd-order 
nonlinearity. The latter in many cases provides perfect phase matching conditions such as, for 
instance, in the geometry of frequency-resolved pump–probe  (FRPP), which is widely used in 
ultrafast spectroscopic experiments [44]. It is well known that FRPP signals that arise from the 
electronic response in both transparent and absorbing media within the temporal overlap of the 
pump and probe pulses  (conventionally referred to as “coherent artifact”), are highly sensitive 
to pulse parameters [43,45,46]. It was recently suggested that analysis of FRPP spectrograms 
might be suitable for the characterization of ultrafast pulses [43]. However, no practical 
method has been reported so far.  
Here we explore FRPP as a method for IR pulse characterization. The schematic of the 
FRPP setup is depicted in Fig.2.5. The output of the OPA is split into two unequal parts by 
means of an uncoated CaF2 plate. Consequently, the probe beam energy is approximately 4% 
of the pump. The mutual delay between the pump and probe pulses is controlled by means of a 
high precision motorized delay line (DL). The pump and probe beams are focused into the 
sample and recollimated with two 10 cm mirrors. The probe is spectrally dispersed through a 
¼-m monochromator (CVI) and its spectral components measured with a liquid-nitrogen 
cooled InSb detector. A synchronous 500 Hz chopper was inserted in the pump beam. The 
 26
 Generation and characterization of tunable mid-infrared femtosecond pulses 
pump-probe signal (modulation of the probe beam intensity ∆Iprobe) is processed with a lock-in 
amplifier, while the reference signal (the probe beam intensity Iprobe) is simultaneously 
detected as the dc component of the detector output. Both components were digitized and 
stored in a computer. The difference absorption signal is calculated as the ratio ∆Iprobe/ Iprobe. 
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Fig.2.6. Examples of FRPP pulse characterization: spectrum-limited pulse (a), quadratic (b) and 
cubic (c) spectral phases, and self-phase modulation case (d). Top panels show the pulse spectrum 
(shaded contour) and phase (solid curves), and bottom panels depict the respective FRPP traces. 
White curves, drawn along the respective group delays, demonstrate the intuitiveness of the FROG 
technique. The results of pulse reconstruction are shown by solid (intensity) and hollow (phase) 
circles at the top panel.  
The contribution, induced by both pulses, can be expressed as follows [44]: 
 
 [ ]tdetEtEES tiFRPP ∫ Ω+Ω−∝Ω )()()(Re),( 2* ττ  (2.1) 
 
where τ is the delay between the excitation and probe pulses,  and )(tE 2)(ΩE  denote the 
pulse electric field and spectrum, respectively.  
Figure 2.6 presents several examples of FRPP traces of different pulses. Note, that unlike 
a conventional FROG signal, a FRPP trace comprises both positive and negative values. As is 
usually the case for other χ(3)-based FROG techniques [38], the FRPP traces, in general, 
exhibit no mirror symmetry with respect to the time-delay axis, which enables unambiguous 
determination of the time-flow direction. Furthermore, FRPP offers highly intuitive traces: a 
curve drawn along the crests follows the group delay, i.e. the first derivative of the spectral 
phase (white curves in Fig.2.6). The sign of the 2nd order phase derivative (group delay 
dispersion, GDD) determines whether the white curves in Fig.2.6 follow the crests of positive 
or negative segments of the FRPP pattern. Intervals with a zero GDD value run through zero-
magnitude FRPP elements. In particular, the trace corresponding to a spectrum-limited pulse, 
consists of four distinct quadrants with well-defined boundaries (Fig.2.6a). Because of 
intrinsic phase-matching, the demand for a thin nonlinear medium, as is the case in SHG or 
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rimental (a) and reconstructed (b) FRPP traces and the results of the pulse retrieval in 
 (c) and time (d) domains. Shaded contours in (c,d) depict the pulse intensities while 
represent the phase. Independently measured pulse spectrum is shown in (c) by solid osed technique essentially requires a short nonlinear length (defined as 
) in contrast to other methods based on self-phase modulation [47,48]. 
, FRPP has several important advantages over these methods, including reduced 
rsion, absence of tight requirements on the transversal intensity distribution, and 
veness of the traces. Other essential constraints on FRPP concern the 3rd-order 
its electronic (instantaneous) part should dominate over two-photon absorption 
an contributions [37,50]. Both conditions can usually be fulfilled by the proper 
nonlinear material. In particular, materials in which Raman modes are inactive 
 alkali halides [51]) show a great potential in this respect. An essential and 
ure of the FROG technique is the ability to check experimental data via the 
]. The peculiarity of FRPP lies in the fact that both temporal and spectral 
., integrals of Eq.2.1 over frequency and time delay, respectively) are equal to 
 time marginal indicates whether spectral filtering has occurred in the process of 
FRPP trace, while the frequency marginal is an extremely sensitive tool to verify 
ous nature of the nonlinearity.  
ROG retrieval algorithms utilize the amplitude of the frequency-resolved signal 
onventional FROG schemes [38]. However, due to heterodyning, the real part of 
etected in the FRPP method (Eq.2.1). Therefore, we had to develop a specialized 
ed at obtaining the best match for the measured and computed FRPP matrices. 
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The rms difference between the two traces is minimized by a standard Levenberg-Marquardt 
least-squares fit routine [52]. A successful algorithm convergence results in a complete 
amplitude and phase reconstruction of the pulse. To accelerate the pulse retrieval, the spectral 
amplitude and phase of the pulse are represented by a cubic spline drawn through a number of 
points (nodes) that are equidistantly spaced within the frequency interval of interest. The 
influence of each node is restricted to the two adjacent spline segments on each side providing 
the required continuity of spectral phase and amplitude. The pulse reconstruction starts with a 
modest amount of nodes (typically 14) that are assigned random initial values. At this stage, 
the algorithm captures the most essential overall features of the pulse. As the algorithm begins 
to stagnate because of the coarse sampling, the amount of the nodes is automatically 
incremented. This provides a self-adjustment to any conceivable pulse complexity and 
substantially reduces the retrieval time. Fig.2.6 shows the reconstruction results (solid dots) 
along with final number of nodes and computational times. Typically, the calculation time 
does not exceed several seconds on a moderate Pentium-III 1-GHz PC. Note that the proposed 
algorithm does not require the pulse spectrum as additional input. Therefore, the latter can be 
used along with marginals as yet another independent test of the retrieval quality.  
Figure 2.7a depicts the experimental FRPP trace of IR pulses obtained using a 2 mm thick 
CaF2 sample. A nitrogen-cooled InSb photodiode (Hamamatsu P5968-200) and a lock-in 
amplifier (Stanford Research Sys.) were used to detect the FRPP signal after a scanning 
monochromator (CVI). It took ~15 min to acquire a typical trace. No appreciable (>1%) 
Raman contribution to the signal was revealed, justifying the assumption of the nonlinearity as 
instantaneous. The frequency-integrated SD signal amounted to only ~10% of the FRPP one 
putting SD FROG far beyond detection capabilities. A direct comparison of Fig.2.7 with 
Fig.2.6 immediately indicates that the IR pulse carries a predominantly quadratic spectral 
phase. As can be judged from Fig.2.7b, the reconstructed FRPP trace reproduces the essential 
features of the measured pattern fairly well. The intensity and phase of the IR pulses are given 
in Fig.2.7c (frequency domain) and Fig.2.7d (time domain). The pulse spectrum derived upon 
FRPP pattern reconstruction matches perfectly the experimental one (Fig.2.7c, solid dots) 
which demonstrates the high validity of the recorded FRPP trace. The pulse duration is ~70 fs 
while the spectral-limited value amounts to ~50 fs. The quadratic spectral phase that is already 
evident from Fig.2.7a, originates mostly from a GaAs substrate inserted in the IR beam, which 





We have constructed an optical parametric amplifier system for the generation of mid-IR 
laser pulses, tunable in the range of 2800-3800 cm-1 with sub-100 fs duration and ~15 µJ 
energy. These characteristics match the requirements for laser pulses appropriate for nonlinear 
spectroscopy on OH-stretch vibration of water molecules.  
A novel method was proposed for characterization of ultrafast IR pulses. It combines the 
high reliability inherent to FROG with an experimental simplicity keenly desirable in the IR. 
We have demonstrated that a standard pump–probe setup can be readily converted for pulse 
characterization by simply replacing the sample with a piece of a material transparent in the 
IR. Furthermore, for a vast majority of experiments in the liquid phase, FRPP pulse 
characterization can be conducted on a pure solvent with fast electronic response prior to 
introducing the sample molecules into it. We believe that features of FRPP as intrinsic phase-
matching and great simplicity make it superior to any other reported method for 
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In this Chapter, we introduce the theoretical formalism for the description of third-order 
nonlinear infrared spectroscopic experiments. This formalism provides the theoretical basis for 
analysis of the experimental data presented in the subsequent Chapters. The general 
expression for the nonlinear polarization is derived, using the perturbative expansion 
approach. The case of the third-order response is analyzed in detail. We obtain the response 
functions for three-level system and introduce the Multimode Brownian Oscillator model 
describing interactions of the studied transition with the bath. On the basis of the introduced 
formalism, the complete equation expressing the signal measured in the photon echo and 
pump-probe experiments is derived. We discuss theoretical aspects of various schemes of 
signal detection. The influence of the population relaxation time on the photon echo-peak shift 




The development of various nonlinear spectroscopic techniques in the last decades greatly 
stimulated progress in the study of liquid state molecular dynamics. A fast growth of this area 
took place after the first femtosecond lasers became available [1,2]. Time domain techniques 
such as pump-probe, photon echo, time-gated fluorescence etc. were applied first in the optical 
regime and proved the ultrafast nature of molecular interactions [3-6]. Recent progress in 
infrared (IR) ultrafast technology [7-9] opened new horizons in femtosecond IR spectroscopy 
[10-23]. Thus, nonlinear spectroscopic techniques can be applied to study vibrational rather 
then electronic transitions. This approach promises to provide a lot of new and valuable 
information about liquid state dynamics and structure on the molecular level. 
In parallel with the development of ultrafast laser technology and experimental methods, 
important progress in the theoretical description of liquid state dynamics and light-matter 
interaction was made [24-32]. The Multimode Brownian Oscillator model (MBO) for nuclear 
dynamics, developed in the eighties, unified existing theories and provided the link between 
observables of different spectroscopic techniques and liquid state dynamics [31]. 
A comprehensive description of the formalism for nonlinear spectroscopy, which gives 
theoretical basis for experimental methods used in our research, is given in the monograph 
written by Mukamel [31]. In this Chapter we follow this book making certain extensions 
where this is necessary for a more detailed and complete description of our experiments. We 
focus on the third-order nonlinear response and the theory relevant for modeling of the photon 
echo and pump-probe experiments, as pertinent to our study. We also introduce the necessary 
theoretical background for understanding the different methods of the signal detection. 
 
 
3.2 Calculation of nonlinear polarization 
 
Nonlinear optical experiments imply that several input beams interact with a sample 
generating a signal in a certain phase-matched direction. The source of the signal field is the 
nonlinear polarization created in the sample by the input fields. Thus, the calculation of the 
induced polarization and the signal field is required as a first step for modeling of the 
experimental data. 
In the standard semiclassical approach, the field is treated classically, while the quantum-
mechanical methodology is used for matter. In this case, the semiclassical Hamiltonian 
consists of the following parts: 
 








where r and t are the coordinate vector and time, respectively. is the molecular 
Hamiltonian, which includes the kinetic and internal potential energy of molecules. 
molH
interV  is the 
intermolecular potential energy term that accounts for the electrostatic interactions between 
the molecules. Hinter is responsible for the interaction of light and matter. is the 
polarization operator and  is the electric field. The time and position dependent 
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 [ ])()(),( tPTrtP ρrr =  (3.2) 
 
where ρ(t) is the density operator. The equation of motion for the density operator is called the 
Liouville equation and reads 
 





sc ρ ]ρ −=∂∂  (3.3) 
 
Usually the dipole approximation suffices to express the radiation-matter interaction  
 
 VtEtH inter ⋅−= ),r()(  (3.4) 
 
where V  is the dipole operator )( aaa qV rr −Σ= . Then the total Hamiltonian of the system 
is split into the time independent molecular part and radiation-matter interaction part  
 








Finally, the dynamics of the system are calculated by solving the coupled equations for 
the polarization P(r, t), which is calculated using a quantum-mechanical formalism (Eq.3.2, 















∂+×∇×∇ rrr π  (3.6) 
 
Expanding the time-dependent density matrix operator in powers of the electric field  
 
  (3.7) ...)()()()( )3()2()1( +++= tttt ρρρρ
 
and using Eq.3.2 we can express the polarization in the form of the following perturbative 
expansion: 






























where the electric field is introduced in the following way: 
 
 ( )[ ] ..exp),( cctiAtE +−⋅= ωrkr  (3.9) 
 
Here A is the amplitude, ω is the frequency and k is the wave vector. S(n)(tn, …t1) is the 
response function, which contains all the microscopic information necessary to calculate 





























where V is the dipole operator, θ(tn) is the Heavyside step function, which introduces the 
principle of causality, i.e. the fact that the cause (the excitation filed) must precede the effect 
(the signal), and brackets < > denote an ensemble averaging. 
In our study we employ experimental techniques based on the third-order response. These 
are various types of four-wave mixing such as photon echo, hole burning, pump-probe etc. 
Therefore, we will focus only on the theoretical aspects relevant for the description of these 
experiments. In this case the third order response function has the following form: 
 
















In the case of nonlinear spectroscopy on electronic transitions in most situations the 
system can be treated as a two-level system [33-35] (only the ground-to-the-first-excited state 
transition is resonant with the light pulses). The following abbreviations shall be used 
hereafter: the ground state will be called |g>, the excited state |e> and the second excited state 
|2e>. In nonlinear IR spectroscopy both the |g>→|e> and |e>→|2e> transitions are usually 
involved. Therefore, the oscillator should be treated as a 3-level system.  
Feynman diagrams are often used in this kind of perturbative description of light-matter 
interaction [21,31,36,37]. They provide a graphic illustration of the system evolution, 
introducing in a graphical manner, all time orderings, choice of frequencies and their sign. In 
total there are 48 possible diagrams for the third-order response function. We present here 
only those diagrams that are relevant for the description of four-wave mixing in a three level 
system. Only 16 diagrams remain after applying the rotating wave approximation, i.e. 
neglecting the highly oscillatory terms where at least one propagation is of the form 
exp[±i(ωj+ωeg)t]. Here ωeg is the transition frequency, while ωj is the frequency of the 
incoming electric field. Eight of the total sixteen diagrams are shown in Fig.3.1. The other 
eight diagrams can be obtained by exchanging the sequence of the fields Ε3  and Ε2. The 
Feynmann diagrams can be separated into two main groups. The diagrams “A” (Fig.3.1) 
describe the process when rephasing of the optical coherence is possible (i.e. the coherent 
superposition state |g><e| formed in the time t1 is inverted in |e><g| or |2e><e| in the time t3). 
For the case of diagrams “B” and “C” rephasing is not possible, and in the experiment the 
latter terms contribute only at the moment when the excitation pulses overlap in time. 
Additionally the Feynmann diagrams for the three level system can be divided into three 
groups depending on whether they evolve through the ground state (diagrams II and V), the 
excited state (diagrams I, III, IV and VI) or a superposition state (diagrams VII and VIII) in 
the time interval t2. 
The diagrams are grouped in the following way. The first group “A” represents the 
diagrams for the incoming fields sequence when the rephasing of the optical coherence is 
possible. The group “B” and “C” show the nonrephasing diagrams, which contribute only 
when the incoming pulses overlap in time. The other eight diagrams can be obtained by 
interchanging incoming fields ω3 and ω2. 
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Fig.3.1. Feynman diagrams used to describe the four-wave mixing process in a three level system.
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Opening the Poisson brackets in Eq.3.11 for the third order response function, we obtain at the 
right hand side of the equation, the following expression: 
 




























































The function Ra(t3, t2, t1) can be expressed via the so-called four-point dipole correlation 
function: 
 
 )()()()(),,,(),,( 43214321123 ττττττττ VVVVFtttR =≡  (3.13) 
 
where τ i denotes a general correlation time interval as distinct from ti , which is the particular 
time interval determined by the interaction of the incoming electric field with the sample (as 
shown in Fig.3.1). The four-point dipole correlation functions for the corresponding Feynman 





































































The response function can be evaluated using a cumulant expansion truncated at the 
second order [31]. This results in the following expressions for the four-point dipole 
correlation functions: 
 38

























































ddg  (3.16) 
 
δω is the time-dependent fluctuation of the transition frequency. The two-time correlation 
function of the transition frequency fluctuations, which enters this equation, is the main 
quantity that contains the information necessary to calculate the response functions and, 
therefore, to model the experimentally measured data. Since a three-level system is considered 
here, the fluctuation on both |g>→|e> and |e>→|2e> transitions should be taken into account. 
Then the correlation functions for the ground and excited state transitions are expressed in the 
following way: 
 
 )0()()( gegege ttC δωδω=  (3.17a)  
 
 )0()()( 222 eeeeee ttC δωδω=  (3.17b) 
 
This correlation function C(t) is often called the solvation correlation function. In fact, it 
reflects the fluctuations of the transition frequency caused by the interactions with the bath 
motions, while in most cases the bath is largely related to the solvent motions [33,34,36]. 
Thus, the correlation function provides information about intermolecular solute-solvent 
coupling dynamics. 
We will assume here proportionality of the fluctuations on the ground and exited state 
transitions: 
 
  (3.18) geee αδωδω =2
 
The proportionality parameter α introduces the degree of correlation between the |g>→|e> 
and |e>→|2e> transition frequencies. In terms of physics, it defines the relative displacement 
along the bond length coordinate between the potential energy functions for the ground and 
excited state transitions. Correspondingly, it determines the relative width of the transition 
|e>→|2e> with respect to the transition |g>→|e>. In most cases, the transitions can be regarded 
as highly correlated and is the parameter α  is close to 1. 
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Using corresponding time arguments of F(I-VIII)(τ1, τ2, τ3, τ4) from Eq.3.14 in Eq.3.15 we 




















































with [ ])()()()()()(exp),,( 321*3221*3*21*123 tttgttgttgtgtgtgtttI ++++−+−−+−=Φ [ ])()()()()()(exp),,( 321*32*21*32*1*123 tttgttgttgtgtgtgtttII ++++−+−−+−=Φ [ ])()()()()()(exp),,( 321*3221*3*221*123 tttgttgttgtgtgtgtttIII ++++−+−−+−=Φ ααααα  [ ])()(*)()()()(exp),,( 32132213*2*1123 tttgttgttgtgtgtgtttIV ++−++++−−−=Φ  (3.20) 
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Population relaxation has to be taken into account as well. We do it in the following 
phenomenological way: 
 




































⎡ −−= tttK jiij γγ 2
1
2
1exp)( , where 1/γi is the population lifetime of the i-th level. We 
assume that the population relaxation time for the excited and second excited states are 
identical γe=γ2e . Then the response functions read: 
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Fourier transformation of the two-time correlation function C(t) gives the so-called 
spectral density  
 




The correlation function of frequency fluctuations C(t) is in general complex and 
therefore can be separated into real and imaginary parts:  
 
 )(")(')( tCitCtC +=  (3.24) 
 
Correspondingly, the spectral density can also be divided into )(
~ ωC ′  and )(~ ωC ′′  with 
 








The relation between )(




~)2coth()(~ ωωω CTkC B ′′=′ h  (3.26) 
 
where kB, is the Boltzmann constant and T is temperature. In practice, the function )(
~ ωC ′′ is 
commonly used as the key quantity to characterize the bath. The line shape function g(t)  
(Eq.3.16) can be expressed via the spectral density in the following way: 
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Cd  (3.31) 
 
Here λ and ∆ are coupling strength parameters, β=1/kBT, M’(t) and M’’(t) are auxiliary 
functions related to the real and imaginary parts of the correlation function respectively. The 
function M’(t) is simply the normalized real part of the correlation function, i.e.  
 
 M’(t)=C’(t)/C’(t=0), (3.32) 
 










However, in the so-called high temperature limit, where 1<<ωβ h , we obtain 




TkBλ22 =∆  (3.34) 
and 
 )()()( tMtMtM ≡′′=′  (3.35) 
 
Knowing the spectral density of the bath fluctuations coupled to the transition under 
study, we can evaluate the line shape function and finally calculate the outcome of the 
spectroscopic experiment. Usually the spectral density is not known. Some experimental 
techniques allow retrieving of the correlation function directly. An example of such methods 
is the echo-peak shift, which will be analyzed later. However, in most cases the so-called 
inverse problem is solved, which means that the cause is determined based on the observation 
of its effect. The experimental data are analyzed applying a certain model for the correlation 
function. The parameters of the molecular dynamics are extracted from the results of such 
analysis. This approach implies that a model expressing the coupling of the transition of 
interest with the bath has to be introduced. The Multimode Brownian Oscillator model (MBO) 
provides a general and convenient way of describing the interactions between the bath and the 
 42
 Theoretical formalism of ultrafast vibrational spectroscopy 
optical transition. It unifies different phenomenological approaches commonly used for 
describing nonlinear optical experiments. For instance, the stochastic and Bloch models can be 
obtained as limiting cases. In the framework of this model, results of both linear and nonlinear 
optical experiments can be simulated.  
The complete derivation of the MBO model can be found elsewhere [31]. We present here 
only general outcomes of this theory relevant to the current study. In the MBO model the 










πω +−=  (3.36) 





~)(''~ ωω  (3.37) 
 
Fourier transformation of C’’(ω) leads to the expression for the correlation function in the 
time domain. Finally, the line shape function can be found by performing the integration 
according to Eq.3.27. Here we will focus only on a simple limiting case when the bath modes 
are strongly overdamped i.e. γ >> ω. Then in the high temperature limit (hω<<kBT) we have  
 
 )exp()(" ttC jjjj Λ−Λ= λ  (3.38) 
and 
  (3.39) )exp()(' 2 ttC jj Λ−∆=
 
where C’j(t) and C’’j(t) are, respectively the real and imaginary parts of the correlation 
function and jjj γω 2=Λ . The line shape function in this case assumes the following form: 
 
 ( ) [ ] [ ]1)exp()(1)exp()( 2 −Λ+Λ−Λ−−Λ+Λ−Λ∆= ttitttg λ  (3.40) 
 
As mentioned above, the MBO model also allows the calculation of results of linear 
spectroscopic experiments. The absorption and steady-state fluorescence line shapes can be 








)](*)2(exp[Re1)( tgtidt egf λωωπωσ  (3.42) 
 
The last two equations demonstrate that the parameter ∆, which enters the real part of the 
line-shape function, defines the width of the absorption spectrum, while λ, which is related to 
the imaginary part, is responsible for the Stokes shift – shift of the relaxed emission 
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(fluorescence) with respect to the linear absorption spectrum. In other words, the real part of 
the line shape function determines the spectral width of the transition, while its imaginary part 
establishes the center transition frequency at the time t. 
Concerning the line-shape function in Eq.3.40, two limiting cases can be considered. 
When ∆/Λ<<1 the nuclear dynamics are slow as compared to the inversed magnitude of the 





)( ttg ∆= , (3.43) 
 
and the absorption and fluorescence lines assume a Gaussian shape. This situation is usually 
called the static or inhomogeneous limit. The other extreme is when ∆/Λ>>1  and the nuclear 
dynamics are fast in comparison to the inversed magnitude of fluctuations. It is called the 





)( , (3.44) 
 
and the absorption (fluorescence) assumes a Lorentzian form. 
The well-known Kubo stochastic model, which is commonly used for simulations of 
linear and nonlinear optical experiments [38], can be derived as a limiting case of the MBO 
model. In the stochastic model, it is assumed that the quantum mechanical subsystem is 
coupled to the classical bath [39]. The bath imposes a stochastic fluctuation on the transition 
frequency and, therefore, the transition frequency becomes a stochastic function of time. If the 
modulation force is assumed to have Gaussian-Markov character, then the correlation function 
of the frequency fluctuations is exponential 
 
 )exp()0()( 2 tt Λ−∆=δωδω , (3.45) 
 
where ∆ is the amplitude of the frequency fluctuations and Λ is their correlation time. The 
expression for the correlation function in this model corresponds to the case of the 
overdamped Brownian oscillator in the MBO model. The line-shape function in the stochastic 
model is given by Eq.3.40, where the imaginary part is not included. From the latter follows, 
that a frequency shift between absorption and emission (Stokes shift) is not considered in this 
approach. 
Thus, in this section we have introduced the basic theoretical formalism necessary for the 
description of nonlinear third-order optical experiments. In the following sections of this 
Chapter we will focus on some concrete aspects of the experiments relevant to our study. 
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3.3 Theoretical description of the photon echo experiment 
 
Work from the past 25 years has shown that the photon echo is one of the most powerful 
tools for the exploration of liquid state dynamics [5,33,34,40,41]. In this method, the 
experiment is performed in the following way: three laser pulses with wavevectors k1, k2 and 
k3 are applied to the sample and a signal is generated in the phase matched directions  
ks = k3 +k2 -k1 and ks’ = k3 +k1 –k2 (Fig.3.2). 
Having the general expression for the nonlinear polarization (Eq.3.8) and the response 
functions, (Eq.3.19), we can derive the expression for the polarization with vector ks, induced 
by the input fields in the sample and responsible for the generation of photon echo. Taking 
into account all 16 appropriate Feynman diagrams (Fig.3.1) we obtain the following 
equations: 
 




























Fig.3.2. Pulse sequence and experimental geometry in the photon echo experiment. Excitation, local 































































































































































 (3. 48c) 
 
where lasereglaser ωωω −=∆  , eeegTR 2ωωω −=∆  and the parameter r is introduced to take into 
account the ratio of the transition dipole moments for the |g>→|e> and |e>→|2e> transitions. 
As we have already pointed out, the Feynmann diagrams and respective response 
functions can be separated into two groups. The diagrams “A” and respective response 
functions RA describe the process when the rephasing of the optical coherence is possible and, 
therefore, the photon echo can be generated. In the case of diagrams “B” and “C” and 
respective response functions RB and RC the rephasing is not possible and the photon echo is 
not formed. The later terms contribute only at the instant when the excitation pulses overlap in 
time. 
Invoking a certain model for the response functions and using Eqs.3.46-3.48, we can 
simulate the experimental data on the photon echo and, therefore, extract information about 
the spectral dynamics in the sample within the framework of the applied model.  
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A special case o
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homodyne detection, where the signal is recorded by a slow detector. In 
 integrated over time 
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 or t23 (t13) delays we obtain the integrated echo along the corresponding 
example, the integrated echo signals shown in Fig 3.4 were calculated 
6-3.48 in the framework of the stochastic model with monoexponential 
 of the form  for three correlation times (Λ)exp()( 2 ttC Λ−∆= -1=0.2, 2 
 cm-1. In this calculation the excitation pulse duration was set at 50 fs.  
the calculations of the so-called transient grating measurements are 
a. The transient grating is measured when the first two excitation pulses 
delay t12 = 0), while the delay t23 is scanned. The decay of the transient 
increasing delay t23 is mostly determined by population relaxation. 
ynamics also contribute to its time evolution. The latter is illustrated in 
ransient grating signal calculated for an infinitely long population lifetime 
l dynamics is related only to the decay of the correlation function. In 
lt to extract the information about the molecular dynamics from the 
al due to the overwhelming contribution of population relaxation. 
se is presented where t12 is scanned while t23 is kept constant at 250 fs. 
for constant t23 exhibits a slower decay and shifts from the zero point to 
ith the correlation time increase. 
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In order to detect a time-resolved photon echo signal, i.e. to measure the echo profile 
along the transient time t, more advanced techniques have to be used. This can be done by 
mixing the echo signal with an auxiliary laser pulse in a nonlinear crystal, i.e. time-gating the 
echo as shown schematically in Fig.3.5a. In this case the following signal is obtained on the 
detector 
0 500 1000 1500
 Λ = 0.2 ps
 Λ = 2 ps


























Fig.3.4. Integrated photon echo signals. The three curves correspond to three different correlation 
times: 0.2 ps (solid curve), 2 ps (dashed curve) and 5 ps (dotted curve). In plot (a) the transient 
grating case is illustrated: the delay t23 is scanned while t12=0 (the population lifetime is infinitely 





−= 22312)3(22312 ),,()'(),,'( tttPttEdttttS totalgatePE , (3.50) 
 
where  is a delay of the gating pulse. This approach gives additional information for the 
analysis, such as the position and shape of the echo signal. It was shown that the analysis of 
the time-gated stimulated photon echo data readily allows reconstruction of the correlation 
function [33].  
't
Another technique of measuring the time-resolved photon echo is heterodyne detection 
[15,22,23,42,43]. The schematic representation of this method is given in Fig.3.5b. In this 
method an auxiliary laser pulse (usually called a local oscillator) is sent collinearly with the 
echo signal and the superposition of the signal and the local oscillator fields is detected 
 



























The first term in the sum does not depend on t12 or t23 and can be subtracted using, for 
example, lock-in detection. The second term is the homodyne echo signal (Eq.3.49), which 
constitutes a constant background if  is scanned and the last term is the heterodyned signal.  't
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Scanning the delay of the local oscillator, while keeping the positions of three excitation 
pulses constant, we obtain the interferogram:  
 
 









which provides the echo profile as well as the information about the phase of the signal. We 
note here that in heterodyne detection the amplitude of the signal is measured, while in the 
homodyne scheme the intensity is measured. Since both the temporal phase and the amplitude 
are obtained in such an experiment, the spectral characteristics of the signal can be readily 
found by performing a Fourier transformation of the experimental interferometric signal. 
The well-known pump-probe technique can be regarded as an example of a method, 
where heterodyne detection is intrinsically employed. In the pump-probe spectroscopy only 
two light pulses interact with the sample. The system interacts twice with the first pulse and 
the signal is generated in the direction of the second pulse. In our theoretical formalism this 
means that E1=E2, t12=0 and ks = k3 +k2 -k2 = k3. Therefore, the field E3 serves as the local 
oscillator for the signal. The PP signal can be calculated utilizing the formalism described for 
the photon echo with the conditions introduced above and invoking the heterodyne detection 
scheme as described in Eq.3.51. 
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3.5 The echo-peak shift 
 
The echo-peak shift (EPS) is found as the shift of the integrated echo maximum measured 
with constant delay t23 (or t13) with respect to a zero delay point between the first pair of  
excitation pulses (see Fig.3.4b). It has been demonstrated that a plot of the EPS versus waiting 
time t23 (or t13) tracks the frequency-fluctuation correlation function, especially its slow part 
[25,35]. The behavior and properties of the EPS have been detailed elsewhere [25]. Here we 
would like to address only one additional aspect, namely the influence of the population 
lifetime on the behavior of the EPS. We will show that a nonzero EPS does not always reflect 
the existence of dynamics with the corresponding timescale. 
In order to clarify our analysis we shall simplify the expression for the stimulated photon 
echo signal (Eq.3.46) by applying the impulsive limit, i.e. assuming that the excitation pulse 
duration is much shorter than any of the dynamical timescales in the system. The signal is then 














ttttttRtttPtttS APE  (3.53) 
 
The exponential term here accounts for the population relaxation dynamics (Eq.3.22). The 
integrated echo intensity is found according to Eq.3.49.  















































Fig.3.6. The effect of the population lifetime on the EPS. The EPS is calculated for a mono-
exponential correlation function with a characteristic time constant of 700 fs.  The solid curve depicts 
the EPS for the case when the population lifetime is infinitely large. The dashed and dotted curves 
represent EPS for T1 = 500 fs for the situations when the delay t23 or t13 is fixed, respectively. In the 
inset, the influence of the population lifetime factor that depends on the delay t12 is illustrated for the 
case when during the scan of the integrated echo the delay t23 is constant. The solid curve represents 
the integrated echo signal for an infinitely large population lifetime. The dashed curve depicts the 
same signal multiplied by the population relaxation factor shown by the short dashed line. 
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As one can see, the population relaxation factor contains a term that depends on the delay 
between the first pair of excitation pulses. When the population lifetime is comparable to the 
timescale of the system dynamics, this relaxation term will affect the EPS behavior shifting 
the echo peaks to lower values (for the case of constant delay t23). Correspondingly, in such a 
case, the echo will peak at negative values at the asymptotic limit when the delay t23 is large 
and the system dynamics is over. This is illustrated in Fig.3.6, where the EPS is calculated 
according to Eq.3.53 for a monoexponential correlation function of the form 
 with a characteristic time of Λ)exp()( 2 ttC Λ−∆= -1=700 fs. The solid curve in Fig.3.6 depicts 
the EPS simulated for the case when the population relaxation occurs on an infinitely large 
timescale, while the dashed curve correspond to an EPS for fixed delay t23 and T1=500 fs. The 
inset illustrates the influence of the population lifetime factor, which depends on the delay t12. 
The solid curve in the inset represents the integrated echo signal for an infinitely large 
population lifetime. The dashed curve depicts the same signal multiplied by the exponential 
factor shown by the short dashed line. 














Delay t23 (fs)  
 
Fig.3.7. An example of the EPS calculated for an oscillatory correlation function. The expression for 
the corresponding correlation function in given in the figure. The parameters are the following: 
∆1=17 THz, ∆2=11 THz, Λ−11=100 fs, Λ−12=700fs, ω=0.034 THz. 
Equation 3.53 describes the case when the first pulse is scanned and, therefore, delay t23 is 
kept constant. In the other case, when the second pulse is scanned and correspondingly the 
delay t13 is fixed, the population relaxation factor will have the following form: 
. As one can see, the sign of the population relaxation term, which 
depends on the delay t
[ ])2(exp 122311 tttT −+− −
12 is opposite to that observed when the delay t23 is fixed (Eq.3.53). 
Therefore, in this situation the EPS will be enhanced by population relaxation as shown in 
Fig.3.6, where the dotted line represents the EPS calculated for the constant delay t13. 
Correspondingly, when the delay t13 is large, the EPS levels off at the positive values. 
At a first glance, the effect of the population lifetime can be easily eliminated by 
averaging the EPS data for the scans performed with constant t23 and t13. However, it has been 
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shown earlier that for these two types of scans the ESP data also have a constant mutual shift 
along the coordinate t23 (t13) [36]. This shift is clearly expressed when the correlation function 
has an oscillatory component due to, for example, coupling of the probed transition to a low-
frequency vibrational mode [44]. An example of the EPS calculated for such a correlation 
function is shown in Fig.3.7. The correlation function, used in these calculations, was the 
following: 
 
 ( ) )exp(cos)exp()( 222121 ttttC Λ−∆+Λ−∆= ω  (3.53) 
 
As one can see, the EPS for a scan where delay t23 is kept constant is shifted towards the 
earlier times, as compared to when t13 is fixed. Certainly, the averaging will in this case lead to 
distortion of the experimental data and consequently to a loss of information. Therefore, the 
EPS data for the two types of scans should be collected and analyzed separately taking into 





In this Chapter, we have introduced the theoretical formalism that provides the basis for 
describing the results of nonlinear optical spectroscopic experiments. We have focused our 
attention on the third order nonlinearity as the most relevant to our study and derived the 
expressions for the third-order response functions in a three level system. 
On the basis of the introduced model for the nonlinear third order polarization we have 
derived the mathematical expressions allowing the calculation of the photon echo and the 
pump-probe spectroscopic signals. Several types of photon echo spectroscopy and different 
schemes of the signal detection have been discussed. 
The influence of the population lifetime on the stimulated photon echo-peak shift has 
been examined. We have shown that in the case where the population lifetime is comparable 
to the system dynamics, the former appreciably influences the echo-peak shift behavior. In the 
case where the delay t23 is kept constant throughout the measurement, the echo peaks are 
shifted to lower values and reach negative values at the asymptotic, due to the influence of the 
population relaxation factor. When the delay t13 is fixed, the situation is the opposite: the echo 
peaks are shifted to larger values and level off at positive values at large delays. 
The theoretical formalism presented in this Chapter will be used for the analysis of the 
experimental data presented in this thesis. For the explanation of some of the experimental 
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In this Chapter we report and discuss the results of heterodyne-detected photon echo 
experiments on the OH stretching mode of water. Two vibrational dynamical processes with 
time constants of 130 fs and 900 fs are identified. The former is attributed to the bond 
breaking dynamics of a single hydrogen bond, the latter to the rearrangement of the hydrogen-
bond network. The measurements of OH-stretch vibration dynamics of isolated water 
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Water as an object for research, has attracted the attention of scientist for centuries due to 
its great abundance on earth and to its importance in biological and chemical processes. Apart 
from that, the properties of water are extremely interesting and puzzling. The structure and 
dynamics of water have been a subject of extensive research and still are not well understood. 
A distinctive feature of water compared to other fluids is its extended three-dimensional 
hydrogen-bond network, which determines to a large extent its peculiar physical, chemical, 
and biological properties [1-4]. The liquid phase, where the structure is dynamical and 
changes on ultrafast time scales, is the most complex case. Therefore, a grasp of liquid water 
dynamics is a key to understand its structure. 
Lately, nonlinear vibrational spectroscopy in the liquid phase has become a rapidly 
growing field of physical chemistry. It is yielding a great deal of information as compared to 
conventional infrared (IR) spectroscopy, providing new insight into the liquid-state structure 
and dynamics. The recent advances in nonlinear IR spectroscopy were greatly stimulated by 
progress in the development of powerful femtosecond light sources and frequency conversion 
techniques, which allowed the generation of ultrashort laser pulses tunable in the mid-IR 
region [6-8]. 
It has been shown that the study of vibrational transitions, which are situated in the 
mid-IR part of the spectrum, can yield a lot of information about the structural properties of 
water [9-11]. In particular, the absorption spectrum of the OH-stretch vibration demonstrates 
all the typical effects of hydrogen bonding: a strong red shift, a complex shape, and a 
substantial broadening compared to the free molecule [11-14]. These effects are very 
pronounced due to the OH-stretch vibration direct involvement in hydrogen bonding. 
Therefore, most dynamical studies are focused on this mode. Furthermore, the absorption 
spectrum of this mode is situated in the 3 µm region, which is relatively easily accessible with 
modern IR femtosecond laser systems.  
Instead of pure H2O, which has an extremely high absorption in the mid-IR region, dilute 
solutions of HDO molecules in D2O are often used in the experiments. Such a system is 
chemically equivalent to pure H2O, but, in addition to the lowering of the absorption, allows 
exclusion of collective effects and interoscillator coupling, which is present in pure water 
[15,16]. 
Nonlinear vibrational spectroscopy allows retrieving the frequency fluctuation correlation 
function for a particular vibrational transition [17]. Since the transition frequency in the liquid 
phase fluctuates due to changing interactions with the neighboring molecules, the correlation 
function reflects the solvent motions and, therefore, provides information on the nature of 
molecular dynamics in the system and on the corresponding timescales. Determining the 
molecular dynamics from the data of nonlinear spectroscopic experiments is equivalent to 
solving the so-called inverse problem. Solution of an inverse problem entails determining 
unknown causes based on the observation of their effects. In order to extract the parameters of 
the molecular dynamics from the results of nonlinear spectroscopic experiment, the 
experimental data are analyzed applying a certain model for the correlation function. 
Establishing a model for the dynamics of the system under study and determining the physical 
background underneath the correlation function, usually requires making use of the results of 
other experimental and theoretical studies. In this respect MD simulations provide probably 
the most direct information, allowing establishing the theoretical background for the 
spectroscopic experiments. Recently, in view of a growing activity in the experimental study 
of molecular dynamics of water, a number of computer simulations devoted to the direct 
modeling of the nonlinear spectroscopic experiments, have appeared [5,18-25]. In these 
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studies a mixed quantum-classical method of simulations is applied in which the translations 
and rotations of the molecules are treated classically, while the vibrations are simulated using 
a quantum-mechanical approach. Summarizing the results of these studies one can conclude 
that the frequency fluctuation correlation function for the OH-stretching mode of water in the 
liquid state is clearly bimodal. It can be represented as a bi-exponential function with fast and 
slow components having characteristic time, in the range of 30-80 fs and 500-800 fs 
respectively. The fast dynamics was also found in time-domain THz spectroscopy. In the latter 
experiment the fast component was estimated to be of the order of ~150 fs by Fourier-
transformation of the low frequency absorption spectrum [26]. 
The slow component with a characteristic time of 500-800 fs, predicted in MD 
simulations, has been observed in a number of experimental studies. In early hole-burning 
experiments with picosecond IR pulses the spectral dynamics on a timescale of several 
picoseconds was detected [27,28]. However, it has been argued later that picosecond pulses do 
not provide sufficient time resolution to detect molecular dynamics in water [29]. Employing 
150 fs pulses allowed performing the first consistent measurement of the slow component 
[30]. The corresponding dynamics timescale was found to be in the range of 700 fs. In the 
latter study, the spectral dynamics was analyzed in terms of the first moment of the transient 
spectrum. Later, detailed study of the transient pump-probe spectra led to the conclusion that 
the OH-stretch vibrational dynamics reflects primarily the changes in the length of adjacent 
hydrogen-bond [31]. The refined value of the corresponding time constant, obtained in this 
study, was 950 fs. The best description of the experimental data was achieved when an 
additional fast component at a timescale of 170 fs was included in the model. However, the 
value of the time constant, of the fast dynamics was practically at the limit of the time-
resolution of the experiment, which leads to substantial uncertainty in this parameter. 
A more powerful experimental tool for the exploration of liquid state dynamics is photon 
echo spectroscopy. In this method a dynamic hologram in frequency space is created, whose 
fading with time contains information on the spectral dynamics [32]. In particular, 
femtosecond photon echo allows detection of fast dynamical processes that are hidden in the 
spectral contour determined by slower ones. Recently, the first time-integrated two-pulse 
photon echo experiment on the OH-stretch vibration of the HDO molecule was reported [33]. 
The observed integrated two-pulse echo signals were analyzed in terms of infinitely fast and 
infinitely slow spectral dynamics, corresponding to homogeneous and inhomogeneous line 
broadening processes. A homogeneous dephasing time of T2~90 fs was extracted from the 
experimental data. It was assigned to a fluctuating solvent force pounding on the anharmonic 
vibrational oscillator. Although these pioneering echo experiments gave us a glimpse of the 
ongoing dynamics, the available time resolution of ~130 fs and the lack of information on the 
temporal shape of the echo signal, defeated detection of the ultrafast hydrogen bond dynamics 
that is expected to occur at ~100 fs timescale [5,18,19].  
It has been shown that the three-pulse photon echo can provide more detailed information 
about a system’s dynamics. In particular, evolution of the integrated three-pulse photon echo 
peak with an increase of the population time t23 can directly generate the frequency fluctuation 
correlation function [34]. However, the first measurement of the echo-peak shift of the 
OH-stretching vibrational mode of HDO dissolved in D2O demonstrated that in this case the 
echo-peak shift does not follow the correlation function directly. Its behavior is largely 
determined by thermal effects, which are related to a temperature shift in the sample due to 
absorption of the laser pulses. The most recent echo-peak shift data for the OH-stretching 
mode of HDO dissolved in D2O did not show an evident contribution related to the thermal 
effects [35]. In this study the underdamped oscillation of the hydrogen bond was observed at a 
short time followed by a longer dynamics with a 1.2 ps timescale. Thermal effects taking place 
 57
Chapter 4 
in nonlinear IR spectroscopic experiments on water are dealt with in Chapter 5. The detailed 
analysis of the echo-peak shift for the OH-stretching mode and the slow timescale in water 
dynamics is presented in Chapter 7. 
The ultrafast dynamics of water has also been studied employing an indirect method in 
which an organic dye molecule, placed in water, serves as a probe for the investigation of 
solvent dynamics. In a femtosecond fluorescence up-conversion study of coumarin 343 
dissolved in water, the solvation correlation function was demonstrated to have three 
components: an initial fast Gaussian component with a subsequent bi-exponential decay [36]. 
The initial fast decay in this experiment may be related to the intramolecular relaxation 
processes of the probe molecule, while the subsequent exponential components having 
characteristic times of ~125 and 880 fs, are related to the solvent dynamics. However, in such 
an experiment the separation of the solute and solvent effects is not straightforward. 
Moreover, the probe molecule can substantially influence the dynamics of the surrounding 
solvent. Therefore, direct probing of the fast dynamics of water with sub 100 fs time 
resolution is necessary. 
In this Chapter we focus our attention on the fast dephasing timescale in liquid water. We 
report on heterodyne-detected two-pulse photon echo experiments on the OH-stretching mode 
of HDO in heavy water. Combining short 70-fs excitation pulses with heterodyne detection of 
the transient nonlinear polarization enabled us to obtain a more detailed and distinctly 
different picture of the OH-vibrational dynamics than presented in Ref.[33]. The experiments 
are well described in the framework of a stochastic modulation model with a bimodal 
vibrational correlation function that exhibits a fast decay of ~130 fs and a slower one of  
~1 ps. Clearly, there is a separation of time scales, but not in terms of infinitely fast and 
infinitely slow modulation processes as concluded by Stenger et al. [33]. We show that 
solvent motions, such as molecular collisions, hydrogen bond stretching motions and hindered 
rotations of water molecules, reflected in the anisotropic Raman polarizability, determine the 
fast timescale in water dynamics. We assign the slower timescale to reorganization of the 
hydrogen-bond network. 
In order to validate the conclusion about the relation between the fast timescale and the 
anisotropic Raman polarizability of the solvent, we also performed two-pulse photon echo 
experiments on a solution of HDO in acetonitrile. We show that the experimental results are 
perfectly described when the fast part of the correlation function is derived from the low 
frequency Raman spectrum of acetonitrile. Thus, this result fully corroborates our model of 





IR pulses of 70 fs duration at a central wavelength of ~3 µm with ≥12 µJ energy are 
generated at a 1 kHz repetition rate in a home-built 3-stage optical parametrical amplifier 
(OPA). The method of generation and characterization of the IR pulses, employed in this 
experiment, was described in detail in the previous Chapter. For the photon echo experiment, 
the pulses are tuned in such a way that their spectral content is positioned at the blue wing of 
the OH absorption spectrum (Fig.4.1). This is done to minimize the effect of excited state 
absorption, which is red-shifted from the fundamental transition (see Chapter 6 for details).  
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The schematic of the experimental setup used to carry out heterodyne-detected and time 
integrated two-pulse photon echo experiments, is presented in Fig.4.2. The IR output of the 
optical parametrical amplifier is split into three parts by means of uncoated wedged plates 
made of CaF2 (BS1) and ZnSe (BS2) with thickness 3 mm. In this way two excitation beams 
are obtained, with wavevectors k1, and k2, having approximately equal intensities and the third 
one, which is used as local oscillator (LO), with an intensity lower by more than two orders of 
magnitude. In order to reduce the intensity of the LO beam to the required value we used 
uncoated calcium fluoride substrates instead of two mirrors in the corresponding arm of the 
setup. Compensation plates identical to the beam-splitters are inserted in the beams to equalize 
the amount of the dispersive material in different arms of the setup. The local oscillator beam 
is aligned collinearly with the echo signal, which is generated in the direction 2k2-k1. All three 
beams are focused into the sample with a 10 cm mirror and the signal is generated in the 
corresponding phasematched directions. The phasematching geometry, used in this 
experiment, is explained in the inset of Fig.4.2. The signals in both phase-matched directions 
(2k2-k1 and 2k1-k2) were detected simultaneously with two liquid nitrogen cooled InSb 
detectors. A synchronous 500 Hz chopper phase-locked at the frequency of the laser output 
was inserted in one of the beams as shown at Fig.4.2. The signals were processed in lock-in 
amplifiers, digitized and stored in a computer. 







Wavenumbers (cm-1)  
Fig.4.1. Absorption spectrum of the O-H stretching vibration of HDO dissolved in D2O (empty 
circles). Thick solid curve presents the results of simulations according to a model described in the 
text. The filled peaks designate the positions and the relative intensities of the spectral lines 
corresponding to OH bonds involved (3400 cm-1) and not involved (~3570 cm-1) in hydrogen 
bonding [2,3]. The spectrum of the excitation pulses is shown by the shaded contour. 
In the case of heterodyne detection of the photon echo signal, for each time separation 
between the excitation pulses, the local oscillator is scanned and the interferogram between 
the echo signal and the local oscillator field is measured. An example of a heterodyne-detected 
photon echo signal is shown in the right inset of Fig.4.2, where also the method of filtering out 
the carrier frequency is shown. 
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Zero delay between the excitation pulses is determined with an accuracy of ~1-fs by 
simultaneous detection of two symmetric echo signals in the directions 2k2-k1 and 2k1-k2. The 
zero delay position for the LO pulse is found with an accuracy of about 10 fs from the pump-
probe signal, which is detected together with the heterodyned echo signal. In this case the first 
pulse serves as the pump while the LO is the probe. 
 
 
Fig.4.2. Schematic representation of the experimental setup for measurements of time integrated and 
heterodyne-detected two-pulse photon echo. DL is a delay line; BS1 is an uncoated CaF2 beam-splitter 
(~4% reflectivity); BS2 is a ZnSe beam-splitter (~25% reflectivity); CP’s are the compensating plates 
inserted to balance the amount of dispersive material; PD are liquid nitrogen cooled InSb photodetectors. 
The left inset demonstrates the beam arrangement on the collimating mirror. The right inset shows the 
principle of amplitude retrieval from the experimental interferogram. 
 
The sample, a ~0.6 M solution of HDO in D2O at room temperature, is pumped through a 
100-µm sapphire nozzle to form a free-standing jet. The optical density of the sample at the 
peak of the OH-stretching absorption line was about 0.6. 
For the experiment on the solution of HDO in acetonitrile/water, heavy water and 
acetonitrile were mixed in such proportions to obtain a total concentration of water molecules 
(HDO, H2O and D2O) equal to 5 molar percents. The equilibrium concentration of HDO 
exceeded the concentration of H2O by a factor of seven, which insures practically negligible 
contribution from H2O molecules to the total signal. The optical density of the sample at the 
peak of OH-stretching absorption line was 0.5. 
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4.3 Experimental results 
 
The integrated two-pulse photon echo signal is presented in Fig.4.3 (solid circles). It is 
measured scanning the delay t12 between the excitation pulses with the LO beam blocked. The 
echo signal is clearly asymmetric and shifted by about 35 fs from zero delay. The contribution 
to the signal from the pure solvent - D2O - is also shown (open circles). The latter constitutes 
about one-fourth of the total signal around zero delay. It can be perfectly described by the 
third-order correlation function of the IR pulses (dashed line) confirming the instantaneous 
origin of the D2O response. Thus the instantaneous signal originating from the solvent is 
expressed by the following equation: 
 





where Kinst is an amplitude factor. 
A contour plot of the measured time-resolved photon echo signal is presented in Fig.4.4a. 
This plot is generated as follows: for a fixed delay t12 between the excitation pulses, the delay 
of the LO is scanned and the heterodyned echo field recorded by an InSb detector. The 
resulting interference pattern is then numerically processed using a Fourier bandpass filter to 
extract the echo transient profile as shown at the right inset in Fig.4.2. The white line in 
Fig.4.4a depicts the position of echo maxima. With increasing delay t12, the echo signal peaks 
at longer times, consistent with echo-formation. At the same time, the position of the echo 
maximum considerably deviates from the one expected for an inhomogeneously broadened 
transition, shown in Fig.4.4a as the dashed curve (calculated taking into account the actual 

















 (fs)  
 Integrated two-pulse photon echo signal. Solid and open dots represent the experimental data 
btained from HDO in D2O and neat D2O, respectively. The solid and dashed curves show the 
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Fig.4.4. The experimental (left panel) and simulated (right panel) time-resolved two-pulse photon 
echo profiles for HDO in D2O. The white curve depicts the positions of the echo maxima. The dotted 
line is drawn for the case of overwhelming inhomogeneous broadening. 
 
4.4 Theoretical model  
 
To simulate the experimental data, we apply the theory presented in Chapter 3. The key 
element here is the correlation function of transition frequency fluctuations (Eq.3.17). 
Assuming a model for the correlation function, we describe the coupling between the 
transition of interest and the bath motions. The latter in this case represent the solvent 
dynamics. This is sufficient to calculate the response of the sample to optical excitation. 
The simplest form for the correlation function (CF) is provided by the well-known Bloch 
model [17]. Here the fluctuations of the bath are taken to be either infinitely fast, that is the so-
called homogeneous limit or infinitely slow – inhomogeneous (static) limit. The 
corresponding CF assumes the following form: 
 
 2*2)()0()( ∆+= Ttt δδωδω , (4.2) 
 
where the first and the second terms on the right hand side describe of homogeneous and 
inhomogeneous broadening, respectively. This type of correlation function was used by 
Stenger et al. to simulate the data of an integrated two-pulse photon echo experiment on the 
OH-stretching vibrational mode in water molecules [33]. However, as we have mentioned 
above, even just a visual inspection of the experimental time-resolved two-pulse photon echo 
data (Fig.4.4a) leads us to the conclusion that the dephasing dynamics in this system has 
evidently a non-Markovian character. Moreover, the presence of a static component in the CF 
for the vibrational transition in the liquid phase is doubtful because the system is inherently 
dynamic and changes on ultrafast timescales. This is reflected in the behavior of the echo peak 
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as a function of the delay between the excitation pulses. For the case of homogeneous 
broadening, the echo is not formed and consecutively the signal should peak at zero delay for 
any mutual position of the excitation pulses. For the static system, the classical echo is formed 
and the signal is centered at the delay equal to the time separation between the excitation 
pulses. The latter situation is illustrated in Fig.4.4a by the dashed curve. The echo peak 
behavior in our case is intermediate. Therefore, the simplified Bloch model cannot provide an 
adequate description of the dynamics of this system. Recent molecular dynamics simulations 
of two-pulse photon-echo experiments on water fully support this conclusion [25]. In has been 
shown that in order to reproduce correctly the molecular dynamics of water the Kubo model 
should be used. 
Thus, for analysis of our experimental data we apply the stochastic model developed by 
Kubo and Andersen [37]. In this model it is assumed that the bath imposes a random 
fluctuation on the transition frequency of the molecular vibration )()( tt o δωωω +=  and, 
therefore, that the transition frequency becomes a stochastic function of time. If the 
modulation force has Gaussian character then the correlation function of the frequency 
fluctuations is exponential 
 
 )exp()0()( 2 tt Λ−∆=δωδω , (4.3) 
 
where ∆ is the amplitude of the frequency fluctuations and Λ is the correlation time. 
The stochastic model can be considered as a limiting case of a more general Multimode 
Brownian Oscillator (MBO) model (see Chapter 3 for details). The expression for the 
correlation function then corresponds to the case of the overdamped Brownian oscillator in 
MBO model. The line-shape function in the stochastic model is given by the following 
expression:  
 
 ( ) [ ]1)exp()( 2 −Λ+Λ−Λ∆= tttg  (4.4) 
 
This equation is analogous to Eq.3.40 in Chapter 3 for the line shape function for the case of 
an overdamped Brownian oscillator, where the imaginary part is neglected. Correspondingly, 
the Stokes shift is not taken into account in the stochastic model. In Chapter 6 we will show 
experimentally that no significant Stokes shift for the OH-stretch vibration of HDO molecules 
in D2O can be observed. Thus, the stochastic model is fully adequate for the description of this 
system. Moreover, the two-pulse photon echo experiment, analyzed here, is not expected to be 
particularly susceptible to this aspect due to the fact that it is mainly sensitive to the short time 
dynamics where the influence of the Stokes shift is minor. 
 
 
4.5 Analysis of experimental data 
 
The analysis of the experimental two-pulse photon echo data was performed in the 
following way. A computer program for a global fit of the experimental data to the theoretical 
model was developed. A Marcraft algorithm was employed for the least square fit of the 
simulated data to the experimental results. The time-resolved transients, the integrated two-
pulse photon echo profile, and the linear absorption spectrum were fitted simultaneously. At 
each step of the optimization, the third-order polarization was calculated for every delay 
between the excitation pulses as a three-fold integral according to Eq.3.46 (Chapter 3).  
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In the calculations the finite pulse duration is implicitly taken into account. We used 
actual experimental pulse characteristics in the corresponding simulations. The pulse was 
characterized using the frequency resolved pump-probe technique (see Chapter 2 for details). 
The calculated polarizations for each delay between the excitation pulses were numerically 
correlated with the local oscillator pulse to simulate the experimental conditions of heterodyne 
detection (see Eq.3.52 in Chapter 3). Because of a relatively high sample O.D., the excitation 
pulse amplitude and phase change substantially on propagation, which also has to be 
accounted for in the simulations. To do this, the split-step Fourier algorithm was used to solve 
a parabolic wave equation with the 3rd-order polarization as (right-side) source term [38]. 
Since the background (solvent) contribution amounts to as much as a one-fourth of the total 
integrated echo intensity (Fig.4.3, open circles), the instantaneous response signal was also 
incorporated into the simulations.  
Previous experiments involving non-Markovian optical dynamics [36,39,40] as well as 
MD simulations [5,18,19] suggest as Ansatz a bi-exponential correlation function: 
 
 )exp()exp()0()()( 22 ttttC slowslowfastfast Λ−∆+Λ−∆== δωδω  (4.5) 
 
The global fit to the experimental data yielded the following parameters for this 
correlation function: 1/Λfast = 30130 ±  fs, ∆fast = 75 cm-1 (FWHM≅130 cm-1), 1/Λslow = 
fs, ∆250900 ± slow = 70 cm-1 (FWHM≅124 cm-1). Figures 4.1, 4.3, and 4.4b show that the 
correspondence between the model calculations and the experimental data is very good, except 
for the low-frequency tail of the absorption spectrum (vide infra). The solid line in Fig.4.5 
shows the correlation function as generated by a global fit of the data. Note that since the 
fastest dynamics occur on a time scale comparable to the pulse width, knowledge of the pulse 
phase and intensity is indispensable for a trustworthy analysis. The accuracy in the 
determination of the slow time is hampered by the fact that the signal lasts only to ~250 fs. 
The long time molecular dynamics of water will be studied in more details in Chapter 7. 
Several comments have to be made on the simulation of the absorption spectrum. First, as 
Fig.4.1 shows, there is a weak shoulder on the high-frequency side of the spectrum. Its 
position coincides well with the OH stretching frequency in dilute solutions of HDO in 
acetonitrile (~3570 cm-1 see Fig.4.6). As we have discussed above, while HDO is hydrogen-
bonded to AN molecules, there is no water cluster formation in this situation [41]. Therefore, 
the high-frequency shoulder in the spectrum of the OH-stretching mode of HDO dissolved in 
D2O can be interpreted as absorption from OH bonds that are not directly involved in 
tetrahedral water structures. This conclusion is consistent with the data of IR experiments at 
interfaces [42].A similar observation was also made in MD simulations of water [2,5]. In a 
recent work of Lawrence and Skinner [5], a solution of HDO in D2O was modeled using a 
semiclassical approach. On the basis of these simulations the total spectrum of the OH-stretch 
vibration in HDO was decomposed into two parts: a component, which corresponds to 
molecules involved into hydrogen-bonding through H atom, and non-hydrogen bonded 
molecules. The frequency shift between these two components is approximately 160 cm-1, 
which is very close to the value observed in diluted acetonitrile solutions (~170 cm-1) (for 
detailed discussion on this issue, see Chapter 8).  
Assuming the width of the spectral contour of non-hydrogen-bonded molecules to be 
identical to the bonded ones we calculate the number of broken H-bonds to be about 10% 
(Fig.4.1, thick solid line). This number is reasonably close to values obtained in MD 
simulations (~12%) [5] and thermodynamical calculations (15%) [43] owing to the fact that 
we used symmetric lineshapes. Taking into account the substantial difference in relative 
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intensities of the spectral lines in such a model, the dynamics of the system are largely 
reflected by the absorption peak, which corresponds to H-bonded molecules, while the 
contribution from the other band is expected to be negligible. We have performed complete 
simulations with a single line representing H-bonded molecules only and with both lines, 
assuming identical models for the dynamics of hydrogen-bonded and non-hydrogen-bonded 
OH-groups. No major difference was observed in the results of these simulations. 





























Fig.4.5. The model correlation function as given by Eq.4.5 (solid line), and with the fast part 
obtained by Fourier-transformation of the spectral density (open dots). The inset shows the spectral 
densities of the anisotropic Raman polarizability [1] (solid dots) and of the fast part of the correlation 
function (solid line).  
Second, the noticeable discrepancy between simulation and experiment at the low-
frequency side needs to be addressed. As pointed out earlier, the frequency of the OH mode is 
not a linear function of the O-O distance [44]. Consequently, the linear absorption spectrum of 
the OH-stretch vibration is asymmetric. Yet the stochastic approach used here assumes a 
linear coupling to exist between the vibrational oscillator and the bath.  A better fit of this low-
frequency wing waits for a stochastic theory that includes quadratic coupling. The departure 
from linearity, however, does not exceed 10% at FWHM of the spectral width. Therefore, the 
contribution of anharmonic coupling to the dynamics is expected to be minor and should not 
affect the correlation function derived [45]. Moreover, in our experiments we do not excite the 
spectral region of the OH-band where anharmonic coupling is most important. Therefore, we 
believe that the effect of the nonlinear dependence of the O-H frequency on the O-O distance 
is minimal in the photon-echo experiment and can be safely neglected.  
To elucidate the molecular dynamics at the fast timescale, it is instructive to calculate the 
spectral density generated by the experimental correlation function (see Eq.3.26 in Chapter 3). 
In Fig.4.5 this spectral density is depicted as a solid line in the inset. As Fig.4.5 shows it 
strongly resembles the Raman spectrum of heavy water [1]. Its spectral components have been 
identified as librations, collective oscillations due to the hydrogen-bond network, and 
intermolecular collisions of water molecules. The HDO molecule, unlike any other probe 
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species [36,39], is chemically identical to bulk D2O and, therefore, the OH-stretch vibration is 
expected to be fully involved in all molecular interactions. For this reason, the spectral density 
as measured in a Raman experiment is an excellent candidate for the spectral density of bath 
fluctuations [32,46-48]. When the Raman spectral density of heavy water is used to calculate 
the fast part of the correlation function, while keeping the slow part unchanged, we find a 
correlation function (Fig.4.5, empty circles) that is virtually indistinguishable from the one 
derived experimentally. Not surprisingly the simulated two-pulse photon echo, time-resolved 
transients, and absorption spectrum calculated with this correlation function, are practically 
identical to those presented in Figs.4.1, 4.3 and 4.4b.  
Recently, the fast relaxation process was inferred from frequency-domain spectroscopy 
with THz pulses [26]. The time scale of ~150 fs with an amplitude of ~3% was deduced 
assuming a Debye relaxation model. While the former number corroborates our direct 
measurements, the later one is lower by an order of magnitude, most probably, due to the 
limited spectral range (~ 2 THz) of THz pulses. The parameters of the correlation function, 
obtained in our experiment, also are in reasonable agreement with the data of recent computer 
simulations [5,18-20,24,25]. They are also consistent with the results of solvation dynamics 
experiments [36]. An IR three-pulse heterodyne-detected photon echo study of  the dynamics 
of the azide ion in water yielded similar values - 80 fs and 1.3 ps for the time constants of the 
components of the bi-exponential solvation correlation function [39]. Furthermore, the 
characteristic time of the slow dynamics found in our study perfectly matches the data 
obtained in the hole burning experiments [30]. 
The measured time scale of ~130 fs is similar to the so-called average hydrogen bond 
lifetime (an interval during which an initially-bonded pair gets broken) obtained in a number 
of MD simulations [2,3,49,50]. Therefore, on the basis of MD simulations and our 
experiments, the following picture of liquid water dynamics emerges. The correlation time of 
~130 fs corresponds to the time scale at which a single hydrogen bond of a four-bonds-
connected molecule is disturbed by the local environment. With a frequency excursion of 
130 cm-1 associated with this timescale, ~20% of water molecules have frequencies identical 
to those of the free molecule (~3570 cm-1). For some of these molecules the current bond can 
be broken with subsequent restoration. The phase coherence needed for echo formation is 
unlikely to survive such perturbations, which results in non-Markovian dynamics of the echo 
formation (white curves in Fig.4.4). This process can be related to a so-called “bifurcation” of 
the hydrogen bond introduced by Giguère to explain the Raman spectra and the neutron 
diffraction data of liquid water and amorphous ice [51]. However, although local perturbations 
of the hydrogen bond network occur at a 130-fs time scale, its global structure remains intact. 
It takes ~1 ps (the structural relaxation time) before the initial backbone loses its integrity.  
The process of liquid water dynamics, in particular the hydrogen bond rearrangement, has 
been theoretically investigated by Ohmine [52]. The dynamics of the liquid were separated 
into fundamental structural changes (transitions from one inherent structure to the other one 
[53]) and vibrational motions within each structure. Our conclusions are in perfect agreement 
with this picture. It was also shown that the dynamics of liquid water associated with the 
network rearrangement must be strongly cooperative, involving several molecules at a time 
[54]. 
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4.6 Study of water dephasing dynamics in acetonitrile solution 
 
In order to demonstrate that for the OH-stretch vibration of water molecules in the liquid 
phase the connection between the correlation function and the spectral density of the 
anisotropic Raman polarizability is not a mere coincidence, we performed heterodyne-detected 
and time-integrated two-pulse photon echo experiments on HDO dissolved in acetonitrile. At 
low concentrations of water in acetonitrile the molecules of water are well separated from each 
other and interact only with the solvent. The dynamics of water in such a solution is mostly 
determined by the nonaqueous solvent. Therefore, it is expected to be substantially different 
from the dynamics of pure water. 
The linear absorption spectrum of the OH-stretch vibration of HDO in acetonitrile 
corrected for the solvent contribution is shown in Fig.4.6 by empty circles. The spectrum of 
the laser pulse is depicted as a shaded contour. 
The experimental time integrated photon echo for this system is presented in Fig.4.7 by 
solid circles. The signal is strongly asymmetric and shifted to positive delays by ~95 fs. 
Almost one-half of the total signal at zero delay originates from the solvent – acetonitrile. The 
time-integrated response of neat acetonitrile is shown at Fig.4.7 by open symbols. The small 
tail in this signal, which can be seen at positive delays, is an artifact due to the excitation pulse 
shape. The shape of the solvent response resembles well the third-order correlation function of 
the excitation pulses, which means that this signal has an instantaneous origin due to a large 
detuning from resonances. However, it is shifted from the zero delay point to a positive delay 
by approximately 10 fs, which is a clear signature of the involvement of population dynamics. 
This is most likely related to the residual absorption of the CH-stretching vibrational mode of 
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Fig.4.6 The absorption spectrum of the OH-stretching mode of HDO dissolved in acetonitrile (empty 
circles). The thick solid curve presents the results of simulations according to a model described in 
the text. The spectrum of the excitation pulses is shown by the shaded contour. 
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acetonitrile, which is centered at 3000 cm-1. We describe this signal by the following 
expression 











 (fs)  
 
Fig.4.7 Integrated two-pulse photon echo signal of HDO molecules in acetonitrile. Solid and open dots 
represent the experimental data points obtained from HDO in acetonitrile and neat acetonitrile, 
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where KAN is the scaling factor. The integration over t2 is kept here in order to take into 
account the involvement of the population dynamics. The dashed line in Fig.4.7 presents the 
simulation of the acetonitrile response according to Eq.4.6. 
A contour plot of the time-resolved photon echo signal is shown in Fig.4.8a. The solid 
white line in this plot depicts the positions of the signal maxima. As one can see, the signal 
from water molecules in acetonitrile solution peaks substantially later than the signal of pure 
water (see Fig.4.4). This indicates that the dynamics of water molecules in acetonitrile 
solution is noticeably slower than in pure water. 
We have analyzed these experimental data in an analogous way as in the case of pure 
water. The stochastic model for the nuclear dynamics was invoked with a bimodal frequency 
fluctuation correlation function. The low frequency Raman spectrum of acetonitrile was used 
as the spectral density of the bath modes to simulate the fast part of the correlation function, 
while the slow one was taken to be mono-exponential. This model describes the experimental 
data well. The simulated integrated and time-resolved photon echo signals are shown in 
Fig.4.7 and 4.8(b). The linear absorption spectrum, obtained in the simulations is depicted in 
Fig.4.6 by a solid line. The deviation of the simulated spectrum from the experimental one at 
the low frequency wing has a twofold cause. First of all, it is related to the presence of an 
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asymmetry in the absorption line of the OH-stretching mode of water dissolved in acetonitrile. 
The latter one has the same origin as the asymmetry of the absorption line of pure water: 
presence of the hydrogen-bonding between water and acetonitrile [41]. The second cause of 
asymmetry of the absorption contour is related to the fact that at this concentration water 
molecules slightly interact with each other forming clusters. The absorption of the OH-
oscillators, that are linked by hydrogen bonds to other water molecules, is red shifted with 
respect to “free” OH-oscillators [41,55]. Consequently there is a second peak at the lower 
frequencies, which is related to the OH-groups in water clusters (see Chapter 8 for details). In 
our simulations we did not take into account this additional peak since its amplitude is 
substantially lower than the absorption of “free” OH-bonds (as well as bonded to acetonitrile) 
and, therefore, its contribution to the total signal is insignificant. 
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Fig.4.8. The experimental (left panel) and simulated (right panel) time-resolved two-pulse photon 
echo profiles for HDO in acetonitrile. The white curve depicts the positions of the echo maxima. 
The fit of the model to the experimental data yielded the value 3±0.5 ps for the timescale 
of the slow dynamics. The relative contribution of this component equals to approximately 
0.4. This timescale is very close to the orientational anisotropy constant for HDO molecules in 
acetonitrile (see Chapter 8). Therefore, we suggest that it most likely reflects the 
reorientational motions of water molecules in liquid acetonitrile. 
The frequency fluctuation correlation function of the OH-stretching vibrational mode of 
water molecules in acetonitrile solution obtained from the experimental data fit is shown in 
Fig.4.9. The inset in this plot depicts the low frequency Raman spectrum of acetonitrile used 
to simulate the fast part of the correlation function. The dashed lines in this figure represent 
corresponding data for HDO molecules in heavy water. As one can see from this plot the 
dynamics of water in acetonitrile is clearly slower than in pure water. This is related to the fact 
that the bath modes in pure water have substantially higher frequencies, i.e. the Raman 
spectrum spans substantially further to higher frequencies in water than in acetonitrile (see the 
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inset of Fig.4.9). The fast dynamics in water are to a large extent related to the presence of 
hydrogen bonding with the corresponding spectral band centered at about 180 cm-1. 























Fig.4.9. The frequency fluctuation correlation function of the OH-stretching vibrational mode of HDO 
in acetonitrile (solid line) and in heavy water (dashed line) with the fast part calculated from the 
anisotropic Raman polarizability of acetonitrile (shown in the inset as a solid line) and of heavy water 
(shown in the inset as a dashed line). 
 
 
4.7 Summary and conclusions  
 
Summarizing, we have presented a detailed photon-echo study of the OH-stretch vibration 
dynamics in liquid water. We have shown that water dynamics occurs at time scales of ~130 fs 
and 900 fs. The fast time scale has been assigned to the frequency fluctuations determined by 
the coupling of the OH-stretching vibrational mode to the low frequency molecular motions 
such as molecular collisions, hydrogen bond oscillations, and librations. The slow timescale is 
assigned to a structural relaxation time of the hydrogen bond network surrounding a particular 
molecule.  
The measurements of OH-stretch vibration dynamics of isolated water molecules in liquid 
acetonitrile confirm the model, which relates the fast part of the correlation function for this 
vibrational mode to the low frequency fluctuations of the solvent. We have shown that 
heterodyne-detected two-pulse photon echo experiments on water molecules dissolved in 
acetonitrile, are well described, assuming the low frequency Raman spectrum of the solvent as 
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In this Chapter we present a study of thermal effects accompanying IR nonlinear spectroscopic 
experiments on a solution of HDO in heavy water. The thermal effects originate from the high 
sensitivity of the IR spectrum of water to temperature changes. Temperature in the focal 
volume of the sample increases due to absorption of the excitation pulses. Comparing the 
pump-probe spectra and the data obtained in the linear spectroscopic measurements at 
different temperatures we obtain a value of the temperature increase in the focal volume that 
occurs in a typical spectroscopic experiment. According to our measurements, the temperature 
shift does not exceed 1 K. A heterodyne-detected transient grating experiment demonstrates 
that the main part of the thermal signal in the transient grating experiment originates from the 
solvent – D2O. Transient grating measurements on the sample, with different concentrations of 
the chromophore, show that one third of the solvent thermal response is due to the direct 
absorption by the heavy water, while the rest of the thermal signal is related to the energy 
absorbed by the chromophore and dissipated in the focal volume after relaxation. The 
equations for the chromophore response presented in Chapter 3 are modified to take into 
account the thermal shift of the spectrum of the OH-stretching mode. The expressions 
describing the contributions related to the response of the solvent are developed. The validity 
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Chapter 5 
 5.1 Introduction 
 
Although water looks a relatively simple substance as a single, isolated molecule, in the 
condensed phase when the water molecules interact with each other, it possesses complex and 
even peculiar properties [1-3]. The complexity of the physical properties of liquid water is 
largely determined by the presence of a network of hydrogen bonds. The hydrogen bonding 
constantly changes on ultrafast timescales, forming certain dynamical microscopic structure of 
the liquid. Since molecular vibrations are very sensitive to the presence of hydrogen bonding, 
the structure of water and its microscopic dynamics, reflected in the infrared (IR) spectrum, 
can be studied using methods of IR spectroscopy [1,4-20]. 
It is well known that the hydrogen-bonding network is sensitive to changes of 
temperature. Variation of temperature results in changes to the average strength of the 
hydrogen bonds and the shift of the concentration balance between hydrogen-bonded and non 
hydrogen-bonded water molecules. These changes lead to modifications of the spectrum of 
vibrational modes. The spectrum of the OH-stretch vibration of water molecules is most 
susceptible to a temperature change. With increase of temperature it shifts to the higher 
frequencies, while the absorption index decreases. The temperature dependence of the 
OH-stretch vibration band of water has been extensively studied by spontaneous Raman 
scattering and by linear IR absorption techniques [1,15,17,20]. Several theories of the water 
structure have been created on the basis of these studies [1,17,20]. 
Linear spectroscopy provides the static projection of the influence of temperature on the 
microscopic structure of water, while nonlinear spectroscopic techniques allow accessing the 
dynamics of the energy redistribution in the liquid [21,22]. In this respect, the mechanism and 
timescales of the energy relaxation and dissipation in water is of primary interest. It has been 
shown that after the excitation of the highest energy vibration - the OH-stretching mode -  the 
relaxation process involves several consecutive steps before the energy dissipates to the low 
frequency thermal motions of the molecules [21,23,24]. The first steps include relaxation from 
the excited OH-stretch vibration to the bending mode overtone and from the bending mode to 
the lower frequency modes. This process occurs on a sub-picosecond timescale [23]. 
The relaxation process following the excitation of a vibrational mode leads ultimately to 
an ultrafast increase of temperature in the sample and consequently to modification of the 
absorption spectrum according to a temperature change [11,25-27]. This thermal effect is 
always present in nonlinear IR spectroscopic experiments on water and may interfere with the 
process of interest, causing difficulties in the data analysis. For example, the thermal effects 
substantially complicate the interpretation of the integrated photon echo-peak shift data [28]. It 
has been shown that the shape of the integrated photon echo-peak shift (EPS) closely 
resembles the frequency fluctuation correlation function for the studied transition [29]. 
However, in EPS experiments on the OH-stretch vibration of HDO molecules in liquid D2O, 
surprising results were obtained [28]. The peak shift exhibited rapid decay only in the first 
500 fs time interval. Its later behavior was strongly dependent on the position of the excitation 
spectrum. For the case of the laser pulse spectrum shifted to lower frequencies with respect to 
the absorption spectrum of the chromophore, the EPS showed a rise reaching its maximum at 
2 ps and subsequently decaying to a certain offset value. If the excitation spectrum was 
centered at the peak of the absorption line, the rise in the EPS was substantially weaker. It 
completely disappeared when the spectrum was positioned at the blue wing of the absorption 
line. Moreover, the behavior of the transient grating (TG) signal in this system was also 
atypical. The latter decayed mono-exponentially only up to about 2 ps delay time remaining 
later at a constant offset for the whole experimentally accessible region. The EPS and TG of 
water could not be straightforwardly explained in the framework of existing theories 
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describing the molecular dynamics of water. In order to explain such behavior of the EPS and 
TG signals, an extended scheme for the relaxation of vibrational energy in this system was 
suggested [28]. This scheme comprised the thermal shift of the OH-stretch vibration spectrum. 
The theory describing the system response in a nonlinear third-order experiment was modified 
according to this model, to allow simulation of the experimental data accompanied by the 
thermal effect. The conclusion made in ref [28] is that the frequency fluctuation correlation 
function must have a component with characteristic time of the order 5-15 ps, apart from the 
widely accepted fast initial dynamics (expressed in this study as homogeneous broadening) 
and a component having correlation time of 700 fs. However, the value of 20 cm-1 for the 
thermal blue shift of the chromophore spectrum, which is used for the simulation of the 
experimental data, seems to be considerably overestimated. This spectral shift corresponds to  
a temperature rise in the sample by approximately 30 K [2,17,20,30-32]. A simple estimation 
made on the basis of known excitation pulse energy (~3 µJ), absorption (OD ~0.4 at the peak), 
focal volume (diameter ~100 µm, thickness ~300 µm), and heat capacity of the sample (Cp= 
4.2 J/g-1K-1), provides a value of the temperature rise in the range from 0.3 to 1.0 K, which is 
one decimal order of magnitude lower than predicted in the Ref.[28]. Such strong 
disagreement of temperatures questions the conclusions about the molecular dynamics of 
water, drawn in this study. 
Taking into account these facts, we conclude that the thermal effects taking place in IR 
nonlinear spectroscopic experiments on the solution of HDO molecules in heavy water, which 
is used in most of studies [4,5,10,14,21,22,24,28,33-35], require further investigation. It 
should be pointed out that in the study presented in Chapter 4, we did not observe the 
influence of the thermal effects since mainly the short-time dynamics of water molecules was 
probed and the effects related to the population relaxation did not play a significant role. In the 
further investigation we address the issue of the long-time microscopic dynamics of water. In 
this case, the effects related to the population relaxation and subsequent increase of 
temperature in the focal volume, are expected to be significant. Therefore, the thermal effects 
should be examined primarily. 
In this Chapter, we present a study of the thermal effects employing several different 
methods, such as linear IR absorption and pump-probe spectroscopy, heterodyne detected 
transient grating and measurements on the sample with different chromophore concentration. 
We show that these effects are related to the response of both the solute – HDO molecules and 
the solvent – D2O. Moreover, mainly the response of the solvent determines the thermal effect 
in the transient grating experiment. As a result of our experiments, we developed a complete 
and self-consistent model for the thermal effects accompanying nonlinear spectroscopic 
experiments on HDO molecules dissolved in heavy water. We will illustrate our model 





Pump-probe (PP) experiments, presented in this Chapter, were carried out with a setup, 
described in detail in Chapter 2 (see Fig.2.5 and corresponding text). A schematic presentation 
of the experimental setup used in this study for transient grating measurements is shown in 
Fig.5.1 The design and parameters of the optical parametric amplifier, used to generate the IR 
laser pulses for this experiment, were also described in Chapter 2. An example of the spectrum 
of the laser pulses employed in these experiments, is shown in the top-right inset of Fig.5.1. 
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The IR output of the optical parametric amplifier is split in four parts by means of 
uncoated wedged plates made of CaF2 (BS1), GaAs (BS2) and ZnSe (BS3) with thickness 3, 2 
and 3 mm respectively. The GaAs beam-splitter also serves as a low-pass filter to separate the 
IR output of the OPA from the NIR pump. In this way three excitation beams are obtained, 
with wavevectors k1, k2 and k3, having approximately equal intensities and a forth one, which 
is used as a local oscillator (LO), with an intensity lower by more than two orders of 
magnitude. In order to reduce the intensity of the LO beam to the required value we used 
uncoated calcium fluoride substrates instead of three mirrors in the corresponding arm of the 
setup. Compensation plates identical to the beam-splitters are inserted in the beams to equalize 
the amount of the dispersive material in different arms of the setup. The local oscillator beam 
is aligned collinearly with the echo signal, which is generated in the direction k4=k3+k2-k1. 
All four beams are focused into the sample and recollimated after with two 10-cm concave 
spherical mirrors. The signals are generated in the corresponding phase-matched directions as 
explained in the inset of Fig.5.1 The signals in both phase-matched directions (k4=k3+k2-k1 
and k’4=k3+k1-k2) were detected simultaneously with two liquid nitrogen cooled InSb 
detectors. A synchronous 500 Hz chopper phase-locked at the frequency of the laser output 
was inserted in the beam k3. The signal was processed by lock-in amplifiers, digitized and 
stored in a computer.  
In the case of heterodyne detection, the local oscillator is scanned for each time delay 
between the excitation pulses and the interferogram between the echo signal and the local 
oscillator field is measured. 
 
 
Fig.5.1. Schematic presentation of the experimental setup for measurements of time integrated and 
heterodyne-detected three pulse photon echo. DL: a delay line. BS1: an uncoated CaF2 beam-splitter 
(~4% reflectivity), BS2: an uncoated GaAs beam-splitter (~30% reflectivity), BS2: a ZnSe beam-
splitter (~25% reflectivity), CP: the compensating plates inserted to balance the amount of dispersive 
material. PD are nitrogen-cooled InSb photodetectors. The bottom-left inset demonstrates the beam 
arrangement on the collimating mirror. The top-right inset shows the examples of the laser pulse 
spectra (symbols) along with the chromophore absorption band. 
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The whole experimental setup was covered by an air tight box and kept under dry 
nitrogen atmosphere in order to prevent unwanted absorption of the laser radiation by the 
water vapor, contained in air. The absorption by water vapor leads not only to a decrease of 
the pulse energy but also to the alteration of its shape and the appearance of pulse satellites 
that complicate the analysis of the experimental data. 
Measurements in the transient grating geometry are performed by scanning delay t23, 
while keeping the first and second pulses (E1 and E2) overlapping in time. In this case in both 
directions k3+k2-k1 and k3+k1-k2   identical signals are detected. In order to minimize the 
systematic error of this measurement the overlap between the pulses 1 and 2 has to be set with 
maximal precision. Conventionally the intrinsic symmetry around zero delay of integrated 
echo signals in the adjacent directions k3+k2-k1 and k3+k1-k2 measured with a fixed delay t23, 
is used to find the zero point in the delay t12. However, in the case when population relaxation 
in the system has a timescale comparable with the timescale of the system dephasing 
dynamics, the symmetry of the integrated echo signals around zero delay is absent (see 
Chapter 2 for details). In order to find the zero delay position between pulses 1 and 2 we used 
a method analogous to measurements of the echo-peak shift as described in Ref.[36]. Two 
measurements were performed with the pulses 1 and 2 being scanned consecutively and the 
integrated echo the signals measured in both phase-matched directions. In this case the 
position of the zero point for time delay t12 is found from the symmetry around the zero delay 
of signals measured with identical time delays t12 or t13 being constant in two adjacent phase-
matched directions. The uncertainty in the estimation of this value was about 1 fs. 
The sample, used in these experiments, was a 0.6 M solution of HDO in heavy water at 
room temperature. The optical density at the peak of the OH-stretching absorption line was 
about 0.6. The solution was pumped through a sapphire nozzle to form a 100 µm thick free-
standing jet. Using the free-standing jet instead of a sample cell allows avoiding the effect 
related to the presence of the cell windows, such as additional temporal broadening of the 




5.3 Results and discussion 
 
5.3.1. Determination of the temperature shift using the pump-probe method 
 
The key element in studying the thermal effects accompanying nonlinear spectroscopic 
experiments is the assessment of the magnitude of the temperature shift in the sample, caused 
by absorption of the laser pulses. Therefore, we start our study from a determination of this 
value. The temperature rise in the focal volume of the sample can be directly estimated 
combining PP and linear absorption spectroscopy. PP spectroscopy is primarily sensitive to 
the absorption changes in the sample. Therefore, this technique allows the detection of the 
modifications of the chromophore spectrum upon heating of the sample by the excitation 
pulses [14,25,26]. Comparing the PP data with the data on the temperature dependence of the 
linear absorption spectrum, we can determine the temperature shift in the sample provided that 
both experiments are performed under identical conditions. 
The experimental linear absorption spectrum of HDO in heavy water in the OH-stretching 
region measured at several different temperatures is shown in Fig.5.2. The peak position and 
the peak optical density of the spectrum versus temperature are depicted in the inset. As one 
can see, both values have a linear dependence on temperature in this range. A temperature 
change of 1 K leads to a shift of the spectrum by ~0.7 cm-1 and a change in the absorption by 
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approximately 0.25%. The shape of the absorption contour is also altered with the change of 
temperature. To a first approximation, it can be expressed as the change of the width of the 
absorption band. The width of the spectrum is increased by ~ 0.2% when the temperature rises 
by 1 K. Thus, this experiment demonstrates that the spectral modifications are linearly 
proportional to temperature. 
 
Fig.5.2. Experimentally measured linear absorption spectrum of HDO in heavy water in the OH-
stretching vibration region at different temperatures from 298 to 339 K. Dependence of the peak 
position of the spectrum and its optical density at the peak is shown at the inset. 
The spectrum of the IR pulses that we employ in the PP experiment, covers the range of 
both |g>→|e> and |e>→|2e> vibrational transitions of the OH-stretching mode of HDO, 
dissolved in heavy water. Using such broadband laser pulses allows performing frequency- or 
time-resolved PP measurements, in a broad spectral range without tuning the laser in the 
process of the measurement that provides maximal spectral resolution and reliability of the 
experimental data.  
The thermal shift of the sample spectrum can be measured directly by performing a scan 
of the frequency-resolved PP at large delays between the excitation pulses when the 
population relaxation from the excited vibrational state is completed. A PP spectrum, 
measured at a delay of 20 ps is shown in Fig.5.3 as open circles. It substantially differs from 
the PP signal detected at short delays (shown in the inset of Fig.5.3 as solid circles). The 
signal at long delays (from ~5 ps and further through the whole experimentally accessible 
time-window) consists of an induced transmittance region centered at ~3355 cm-1 and two 
areas of induced absorption at lower and higher frequencies. The PP signal at short delays 
consists of an induced absorption band (related to the transition |e>→|2e>), centered at 
~3150 cm-1 and an induced bleaching (related to the transition |g>→|e>) at the high frequency 
side with the peak position at ~3420 cm-1. 
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The PP spectrum at a delay of 20 ps can be perfectly described by the difference between 
two linear absorption spectra of the sample measured with a temperature shift of about 0.7 K. 
The thermal difference spectrum calculated from the linear absorption spectra is depicted in 
Fig.5.3 as a solid line. The absorption spectra were measured at temperatures of 25o C and 
25.7o C on the identical sample as used for PP experiments. We would like to stress here that 
the amplitude of the thermal PP signal at its maximum provides a direct estimation of the 
value of the temperature change in the sample (see inset of Fig.5.2), while the shape of the 
signal turned out to be not very sensitive to temperature. This is due to the fact that the thermal 
shift of the spectrum is much smaller than its width and, furthermore, that the temperature 
change mostly influences the amplitude and position of the spectrum, whereas the shape of the 
contour is not strongly affected. 
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Fig.5.3. Experimental pump-probe spectrum for a delay of 20 ps (dots) and the linear absorption 
differential spectra for a temperature shift of 0.7 K (solid line) and 33 K (dashed line). The later is 
multiplied by a factor of 0.025. In the inset the PP signal measured at delay of 500 fs is depicted. 
A thermal difference spectrum for the temperature shift of 30 K (which approximately 
corresponds to a 20 cm-1 shift of the absorption spectrum) is also shown in Fig.5.3 as a dashed 
line. The latter value of the temperature shift was used in Ref.[28] to describe the unusual 
behavior of the echo-peak shift and transient grating signal. Evidently, the magnitude of the 
difference spectrum for ∆T = 30 K as well as its shape do not agree with the experimental 
data. The change of temperature in the focal volume by 30 K would lead to a thermal PP 
signal with an amplitude in the maximum of about ∆O.D. = 0.1. 
Thus, PP spectroscopy allowed the direct measurement of the change in the OH-stretching 
absorption band due to a temperature rise in the focal volume of the sample. The comparison 
of the PP data with linear absorption spectra measured at different temperatures 
unambiguously showed that in this experiment the temperature change in the focal volume 
was of the order of 1 K. This value is in perfect agreement with results of an independent 
estimation made on the basis of known pulse energy, the sample focal volume, and the heat 
capacity of the sample. An analogous thermal shift is expected to occur in TG and EPS 
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experiments presented in Ref.[28], since the experimental conditions in these measurements 
are very similar. Correspondingly, the behavior of the experimental the TG and EPS data, 
shown in Ref.[28], cannot be explained only by the thermal shift of the OH-stretching 
absorption band. The shift of 20 cm-1 required for a satisfactory simulation of these 
experimental data substantially exceeds the actual value. 
 
 
5.3.2. Heterodyne-detected transient grating measurements 
 
In order to elucidate the physical background of the thermal effects in TG and EPS 
experiments, we performed heterodyne-detection of the transient grating signal. Heterodyne-
detection is a powerful technique that allows measuring the signal amplitude profile for each 
delay between the excitation pulses, providing additionally information about the signal phase. 
The heterodyne-detected TG signals are depicted in Fig.5.4a for the delay t23 set at 0.5, 1.5, 2, 
2.5 and 10 ps. In this measurement the excitation spectrum had a central wavelength at 
3250 cm-1, which corresponds to the position at the red wing of the chromophore absorption 
line. In the TG experiment, we set the energy of the first two excitation pulses to be 
approximately equal to the energy of the pump pulse in the PP experiment in order to be able 
to compare these measurements directly. At early times the signal is shifted from zero delay 
by about 40 fs (as is expected for the resonant signal of the chromophore) and has a full width 
at half maximum (FWHM) of about 180 fs. However, at a delay of 10 ps the width and 
position of the signal are considerably different: it is centered on the zero delay, and becomes 
substantially narrower (FWHM of ~150 fs).  
At intermediate delays an apparent destructive interference between the two signals is 
observed. The latter demonstrates that the two signals have a phase shift close to π rad. 
Performing Fourier transformation of the experimental interferograms, we find the spectral 
contents of the time-resolved TG signals (shown in Fig.5.4b). The spectrum of the signal at 10 
ps perfectly matches the laser pulse spectrum, as demonstrated in Fig.5.4b, where the laser 
spectrum is depicted as a solid line. At a delay of 500 fs, the signal spectrum corresponds well 
to the expected spectrum of the TG signal, which is also shown in this plot, as a solid line. The 
shape of the spectrum of the transient grating signal was calculated as a product of the 
chromophore absorption line and the excitation pulse spectrum. 
Hence, at this point we can conclude that the response of water consists of at least two 
contributions. These contributions have different absolute phase, duration and spectral content. 
In order to separate these contributions we performed a fit of our experimental heterodyne-
detected transient grating signals using  a simple model. The two signals were approximated 
by Gaussian shaped contours multiplied by a cosine function to introduce a carrier frequency 
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Here Ai(t) is the amplitude, t0 is the position of the maximum, ωι is the frequency and φι is the 
phase of the signal. 
In order to extract consistent phase information a global fitting of the model to the 
experimental data was performed: all experimental interferometric signals were fitted 
simultaneously. All parameters, except for the signal heights, were global, i.e. equal for all 
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Fig.5.4. Heterodyne-detected transient grating signals for a delays t23 = 0.5, 1.5, 2, 2500 and 10 ps. The 
experimental signals are shown in the left panel (a). The central panel (b) represents the spectra of the 
corresponding signals as calculated by Fourier transformation of the experimental data. The solid lines 
in the top and bottom plots of the central panel depict the expected spectrum of the TG signal and the 
spectrum of the excitation pulses respectively. The fit of the experimental data to the simple model with 
two Gaussian peaks (see text for details) is shown in the right panel (c), where the carrier frequency is 
filtered out and the experimental TG amplitude (solid circles) and phase (open squares) are shown 




experimental transients. The results of these calculations are shown in Fig.5.4c. For the sake 
of clarity, we have subtracted the carrier frequency from the theoretical and the experimental 
data shown in this plot, applying a Fourier bandpass filter. Also, the temporal phase of the 
signals is extracted in this way. As one can see this simple model reproduces the experimental 
data rather well, describing both the shape and the phase of the experimental signals with 
sufficient quality. The phase shift between the signals at small and large delays in this case is 
almost 3 rad. 
Intensities of the two contributions to the TG signal are plotted in Fig.5.5 as solid circles 
and squares together with the experimentally measured TG intensity. Such data analysis 
clearly resolves the initial rise of the additional signal, which forms the constant background at 
large delays (shown in Fig.5.5 as solid squares). This rise can be approximated with a gaussian 
function having a ~1.8 ps time constant. The initial signal that dominates at short delays, 
decays monoexponentially over approximately 4 orders of magnitude staying further also at a 
constant value. Its decay constant of 670 fs is in agreement with the reported value of 740 fs 
for the population lifetime of the OH-stretch vibration of HDO dissolved in heavy water. This 
agreement is rather good taking into account that the current measurements were performed 
with parallel polarizations of the excitation pulses and, therefore, the rotational anisotropy was 
not removed. 
Thus, the TG signal of water consists of at least two contributions. The first component, 
dominating at small delays t23, is obviously the signal that originates from the chromophore – 
the OH-stretch vibration of HDO molecule. This conclusion can be made from an analysis of 
the position, shape and decay constant of the signal: it is shifted from zero delay to positive 
values, has a spectrum as expected for a transient grating signal originating from the 
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Fig.5.5. Integrated amplitudes of the two contributions into the TG signal (symbols) as found from 
the fit to the model explained in the text and, the experimental TG signal intensity (solid line). The 
dashed line depicts the results of the calculation according to the thermal diffusion model describing 
the growth of the thermal signal. 
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chromophore and its decay rate is equal to the rate of the OH-stretch vibration population 
relaxation. The other signal evidently has an instantaneous origin. It is centered on zero delay 




5.3.3 Mechanism of thermal grating formation 
 
Taking into consideration that the signal that constitutes the constant level at large delays, 
has an instantaneous origin, and therefore does not come directly from the chromophore, the 
only source of this signal can be the solvent, which is heavy water. Like the chromophore 
spectrum, the absorption spectrum of heavy water is equally sensitive to temperature of the 
sample [14,25,26]. The closest absorption peak of the solvent corresponds to the OD-
stretching vibration. Although the detuning of this spectral band is about 1000 cm-1 the 
concentration of D2O molecules exceeds the concentration of the chromophore by more than 
two orders of magnitude. Therefore, an appreciable contribution from the OD-stretching band 
is present in the region of the OH-stretching absorption (see, for example, Fig.5.2). This leads 
to a formation of the thermal transient grating from the solvent. 
Two possible mechanisms of heating of the solvent by the excitation pulses can be 
assumed: direct absorption by the solvent molecules with subsequent relaxation and the 
transfer of the thermal energy released from the OH-stretching mode. In order to assess the 
magnitude of the signal that comes from the direct absorption of D2O an experiment on the 
pure solvent should be performed. However, heavy water is strongly hygroscopic. Therefore, 
it is very difficult to obtain a sample that does not contain H2O. In order to overcome this 
problem we performed TG measurements on solutions with different concentrations of HDO 
molecules. The magnitude of the signal originating from the pure solvent can be determined 
extrapolating the concentration dependence to zero. The results of these measurements are 
presented in Fig.5.6. The inset in Fig.5.6 depicts the signal intensities at 500 fs (dots) and 9 ps 
(squares) as a function of HDO concentration in the sample. At a delay of 500 fs, the signal 
mainly represents the chromophore response, while at delays longer than ~6 ps mostly the 
thermal signal contributes. 
 In order to describe the dependence of the signal generated in a third order nonlinear 
process, on the concentration of the chromophore in the sample, we apply the following 
formalism. In the slow varying amplitude approximation, the equation that describes the 
propagation of the signal wave in the z direction inside a nonlinear medium will have the 
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Fig.5.6 TG signals of solutions with different concentrations of HDO. From bottom to top the 
concentration was 0.1, 0.2, 0.3, and 0.4 mol/l. The inset depicts the signal intensity at 500 fs (circles) 
and 9 ps (squares). The solid and dashed lines in the inset represent the fit of the concentration 
dependencies to the model described in the text. 
Taking into account the propagation of the signal and the fundamental fields in the 
absorbing medium and the proportionality of the signal field amplitude to the concentration of 

























where 2α is the absorption coefficient, which is proportional to the concentration of the 
chromophore, and K is a constant . 
Solving these equations, we obtain the expression for the signal field amplitude as 
function of the chromophore concentration and the sample thickness: 
 
 ( ) zzS eeKEE αα −−−= 230 12  (5.4) 
 
Hence, the expression for the intensity of the signal will have the following form: 
 
 ( ) zzS eeEKI αα 222602 14 −−−=  (5.5) 
Applying this equation, we can describe the dependence of the TG signal on the 
concentration of the chromophore in the sample as shown in the inset of Fig.5.6. The solid line 
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represents the fit of the model to the concentration dependence for a delay of 500 fs between 
the excitation pulses. The concentration behavior of the signal at large delay can only be 
simulated if a constant offset is added to the simulated data (Fig.5.6 dashed line). Thus, the 
signal at large delays is already present, when the concentration of HDO is zero and rises by 
approximately a factor of 3 when the concentration is increased up to the largest experimental 
value. This leads us to a conclusion that only approximately one third of the total thermal 
signal comes from a direct absorption of D2O. Therefore, most of the thermal signal that 
constitutes the background at large delays in TG experiment originates from solvent molecules 
warmed up by the energy released from the chromophore, dissipated in the focal volume. In 
this case the signal rise is determined by the rate of the thermal energy transfer into the sample 
(vide infra). 
Formation of the thermal grating by the solvent molecules can be explained in the 
following way. In a transient grating experiment, two excitation pulses imprint on the sample 
a spatial grating of the vibrational level population, which implies formation of a spatial 
grating of the absorption and refractive index. The probe pulse is diffracted off these gratings 
forming a signal in a certain phase-matched direction. After the population relaxation is 
completed, the energy released by the chromophore and the solvent, raises the temperature in 
the sample, forming a spatial grating of elevated temperature. The temperature shift leads to 
changes in the shape of the absorption and the refractive index bands due to the high 
sensitivity of the water spectrum to temperature variations [1,2,20,26,31,38]. Although the 
absorption spectrum of the solvent OD-stretching mode is substantially detuned from the 
 
 
Fig.5.7. The sample spectrum. Real and imaginary parts of the linear susceptibility for OD-stretching 
and OH-stretching vibrational modes are shown as dashed and solid lines respectively. The spectrum 
is generated from the data of linear absorption and attenuated total reflection experiments on pure 
water and a solution of HDO molecules in D2O [1,2]. The thin solid and dotted lines represent the 
signal phase for the OH-stretching and OD-stretching modes respectively (see text for detailes). 
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absorption of the chromophore (OH-stretching mode), the related refraction index variations 
span the area of the probed spectroscopic region. This is illustrated in Fig.5.7, where the 
spectrum of the sample is shown. The real (dashed lines) and the imaginary part (solid lines) 
of the linear susceptibility of the OD-stretching mode of D2O molecules (solvent) and the OH-
stretch vibration of the HDO molecules (chromophore) presented in Fig.5.7, are combined 
from the liquid water spectrum measured using an attenuated total reflection technique and 
linear absorption experiments [1,2]. Taking into account that in the vicinity of the OH-stretch 
absorption spectrum the solvent contribution is mainly constituted by the refraction band, it is 
reasonable to assume that the thermal grating is mostly determined by the refraction index 
changes, i.e. the real part of the complex linear susceptibility. 
In a simplified way, the thermal changes of the OD (OH)-stretching spectral line can be 
expressed as a shift of the spectrum and change of its amplitude neglecting any changes in its 
shape. We though note that changes in the shape are also present. We will consider them in the 
subsequent section where the theoretical formalism describing the nonlinear third-order 
response including the response due to the thermal effects will be introduced. Thus, taking 
into account that the thermal TG signal is proportional to the changes in the refractive index 
and using, for the sake of simplicity, a Lorentzian line shape for the absorption (refraction) 
contour, we can express the amplitude of the thermal TG signal in the following way: 
 





ω kS TG  (5.6) 
 
where Γ defines the width of the absorption line, the parameter k takes into account the 
changes in the amplitude of the absorption with the change of temperature, ∆ω =ω−ω0 , ω0 
determines the position of the absorption maximum, while δω  accounts for the thermal 
spectral shift. Considering the large detuning of our spectroscopic window from the center of 











This expression demonstrates the relation between the thermal TG signal and the 
parameters reflecting modifications of the spectral band of the solvent induced by the 
temperature change. Taking into account this relation and the proportionality of the spectral 
changes to the temperature shift (see Fig.5.2), we can link the thermal TG signal intensity 
directly to the temperature change: 
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where   is the population time. 23t
The presence of a phase shift between the chromophore response and the thermal signal 
originated from the solvent can be explained in the following way. The thin solid and dotted 
lines in Fig.5.7 represent the phase of the chromophore response (related to OH-stretching 
absorption line) and the thermal signal (corresponding to the OD-stretching absorption line), 
respectively. The phase is simulated using the following relation: 
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ωχφ  (5.9) 
 
where )(ωχ  is the linear susceptibility, while [ ])(Im ωχ  and [ ])(Re ωχ  represent the 
absorption and refraction respectively. Hence, at the red wing of the OH-stretching mode 
absorption line, the phases corresponding to the response of OH-stretching and OD-stretching 
modes have opposite signs, which leads to a total phase shift of approximately π rad between 
the chromophore response and the thermal signal. Accordingly, on the blue wing of the 
chromophore absorption band, the phases related to the OH- and OD-stretching modes have 
identical signs and, therefore, the phase shift between the chromophore and the thermal signal 
should be close to zero. This is illustrated using experimental data, in Fig.5.8, where integrated 
and heterodyne detected TG signals for the case of the “blue shifted” and “red shifted” laser 
spectra are shown (see inset of Fig.5.1). The heterodyne-detected signals are represented in 
Fig5.8 by their amplitude and phase in analogous way as in Fig.5.4c. The integrated TG signal 
detected with the spectrum positioned at the red wing of the chromophore absorption line 
(~3250 cm-1) decays monotonically up to 2 ps delay, rising then by almost  a factor of 3 and 
staying further constant for the whole accessible time window. As one can see in Fig.5.8b, the 
phase shift between the chromophore response and the solvent thermal contribution is close to 
π radian in this case. The minimum of the TG signal at a delay of 2 ps, corresponds to the 
situation where the amplitudes of the chromophore response and the solvent thermal 
contributions become equal (see Figs.5.8a, 5.8b and 5.5) and, thus, the effect of the destructive 
interference is maximal. In case the spectrum is positioned at the high frequency side of the 
chromophore absorption band (centered at ~3550 cm-1), no minimum in the integrated TG 
signal is observed. The phase shift between the chromophore response and the thermal signal 







































































Fig.5.8. Integrated (a) and time-resolved (b and c) transient grating signals measured with the laser 
spectrum positioned at the blue and red side of the chromophore absorption band. The experimental data 
are shown by symbols, while the lines represent the results of simulations according to the model 
described in the text. In panels (b) and (c) the experimental signal amplitude is shown by the open 
circles, and the phase as by open squares. 
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is about 0.7 rad and correspondingly constructive interference can be seen in the time-resolved 
TG signal (Figs.5.8a and 5.8c).  
 
 
5.3.4 Initial dynamics of the thermal solvent response 
 
As we have pointed out above, the dynamics of the thermal signal, found from a 
heterodyne-detected TG experiment, is determined by the rate of the thermal energy transfer, 
i.e. the thermal diffusion in the sample. Using Eq.5.8, we now describe the rise of the thermal 
signal at initial delays, applying the macroscopic theory of heat diffusion. The validity of the 
macroscopic heat diffusion theory at a microscopic level is not completely justified, although 
some data demonstrating its applicability to the level of the molecular scale exist [39,40]. The 
process of heat transfer out of a “hot” HDO molecule into “cold” D2O surroundings can be 
described by a standard heat diffusion equation [41]. In the case of radial symmetry, the 


















23  (5.10) 
 
where T is temperature, D is the thermal diffusion constant (for water it equals 0.146 nm2/ps), 
r is the radial coordinate, and  is the population time. For simplicity, we assume that the 
initial heat distribution (at 
23t
023 =t ) has a Gaussian shape with a radius r0. Then the solution of 
this equation will have the following form: 
 












rrtT π  (5.11) 
 
where the parameter t0  is introduced to take into account the radius of the initial heat 









0 =  (5.12) 
 
Equation 5.11 provides the expression for the temperature T as a function of time  and 
radial coordinate r. In order to find the dynamics of the TG signal, which originates from the 
solvent thermal grating, we should calculate the average change of temperature around the 
initial “hot volume” by integrating the temperature over the volume. The finite vibrational 
relaxation time has to be taken into account as well. This can be done by convolution of the 
obtained value with an exponential function having a decay constant equal to the population 


















where ∆T is the temperature change ∆T = T-T0 . 
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The only adjustable parameter in this model is the radius of the initial “hot volume”, since 
the diffusion coefficient and the population lifetime are constants. The calculated thermal 
signal amplitude is shown in Fig.5.5 as a dashed line. This curve represents a sum of both 
components of the thermal grating: the signal due to the direct absorption of D2O (taken as a 
constant background) and the signal caused by the heat transferred into the solvent out of 
“hot” HDO molecules, found according to Eq.5.13. 
In order to describe our experimental data we had to use the value of 0.4 nm as the radius 
of the “hot volume”. This value is in good agreement with the estimated size of the water 
pentamer [3], which is often considered to be a single unit of water structure. This is related to 
the fact that before the energy from the excited vibrational state populates the low frequency 
modes and thus is converted into thermal molecular motions, it passes through some 
intermediate steps. At these intermediate steps the energy is redistributed within the nearest 
neighbor molecules. For instance, the energy transfer to the bending mode of the HDO 
molecule may be involved as one of such intermediate steps in the energy relaxation and 
dissipation [23,25,26,42-44]. In this way the water pentamer becomes finally the initial unit 
structure, accepting the energy from the excited OH-stretching vibrational mode before it is 
converted into thermal motions of the surrounding molecules. The mechanism of vibrational 





We have now a complete set of experimental data necessary to suggest a model for the 
thermal effects that take place in nonlinear spectroscopic experiments on liquid water. In order 
to simulate the experimental data, we should include the thermal effects in the theoretical 
formalism, describing the system response in third-order nonlinear spectroscopic experiments, 
which was presented in Chapter 3. The thermal effects can be separated in three contributions: 
the chromophore response, the signal related to the direct energy absorption by the solvent, 
and the indirect heating of the sample volume by the energy relaxation from the excited OH-




Fig.5.9. The energy relaxation scheme for OH-stretching mode in HDO molecules. 
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response of the HDO molecules, which have not been excited by the pump pulses. 
Accordingly, we should modify the equations for the chromophore response presented in 
Chapter 3 to take into account the thermal shift of the spectrum of the OH-stretching mode 
and add the contributions, related to the response of the solvent – D2O. 
The mechanism of the thermal effects on the chromophore and the solvent that we suggest 
on the basis of our experimental data, is summarized in an energy level scheme, presented in 
Fig.5.9. This scheme is similar to the one, presented in Ref.[28], but extended to include the 
heat diffusion in the sample microvolume and the thermal response from the initially 
nonexcited OH- and OD-oscillators. As we have shown above, in the TG experiment the 
response of the solvent dominates the thermal effect. Therefore, it is essential to consider this 
contribution in the model. According to this scheme, the energy from the initially excited 
chromophore and the solvent after relaxation heats the microvolume around it and, as a result, 
changes the effective temperature of the chromophore environment. This leads to 
reorganization of the structure around the initially excited molecule according to the new 
temperature, which is reflected in weakening of the hydrogen bonds and, consequently, in the 
change of the vibrational state of the chromophore. Thus, the energy from the excited state 
relaxes not directly into the ground state, but to a “hot” ground state, which is blue shifted 
from the initial one [28]. After population relaxation the thermal energy is redistributed due to 
the process of thermal diffusion, raising temperature in the whole focal volume. At the same 
time the initially excited chromophore is cooled down, stabilizing at a certain temperature as 
the thermal diffusion equilibrates the sample microvolume. The rest of the HDO molecules, 
which have not been excited directly with the IR pulses, will be warmed up together with the 
solvent D2O molecules situated in this volume. In the case of a transient grating experiment, 
such a process leads to the creation of a spatial grating consisting of fringes with elevated 
temperature. 
Concerning the chromophore, from a spectroscopic point of view, such energy relaxation 
scheme implies that the signal, generated at its ground state, does not decay due to the 
population relaxation (the hole in the ground state is not filled) and additionally a new signal 
from the “hot” ground state absorption rises. As it has been suggested in Ref.[28] we assume 
that upon relaxation to the “hot” ground state phase, memory is lost. Thus, the expressions for 
the response functions RA and RB (see Chapter 3, Eq.3.48) are modified in the following way: 
 
  (5.14) 
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  (5.15) 
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In these equations the terms  and HDOk Tempω∆  express, respectively, a decrease of the 
absorption and a blue shift of the spectrum with increase of temperature, while the terms ( )[ ]22exp tempinitHDO Ttk −  and ( )[ ]22exp tempinittemp Tt−∆ω  are introduced to account for 
thermalization of the ground state of the initially excited molecules (see below). The 
parameter Ttemp in these formulas and expressions below corresponds to a time constant of the 
heat diffusion in the sample microvolume. As we have shown above, the dynamics of this 
component of the signal is related to heat diffusion and, therefore, described by the heat 
diffusion equation. However, it can be fairly well approximated by a Gaussian curve with a 
time constant of approximately 1.8 ps (see Fig.5.5). 
A certain fraction of HDO molecules is not excited by the pump pulses but contributes to 
the thermal signal after the absorbed energy is redistributed in the microvolume raising its 
temperature. The parameter  and the term following it in Eq.5.14 and Eq.5.15 are 
introduced to account for the effect of warming up the initially unexcited HDO molecules. Its 
magnitude is chosen according to the data of heterodyne-detected transient grating 
experiments, where leveling off of the chromophore signal at the delays longer than 4 ps is 
observed (see Fig.5.5). 
HDOHDOK →
The width of the spectrum also changes with temperature. The absorption spectrum 
becomes broader with increased temperature. In order to account for this effect we introduce a 
modified line shape function for the time interval t3,  in terms describing the thermal 
effect on the chromophore. We assume that the dynamics of the “warm” molecules are similar 
to the dynamics of the “cold” ones, and  that only the magnitude of the frequency fluctuations 
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Here the term ( )]exp[1 123 −−−Ω TempTt  determines the changes in the width of the absorption 
contour that depend on the delay t23. The parameter Ω is found from the linear absorption 
experiments on the sample at different temperatures (Fig.5.2).  
The response function Rc, related to the diagrams for pulse sequence Ε2/ Ε3/Ε1 and 
Ε3/ Ε2/Ε1 is not modified by the thermal effects, since these terms contribute only when the 
excitation pulses overlap in time, where the effects related to the population relaxation do not 

































According to our experimental data, a major part of the thermal signal in the transient 
grating experiment originates from the solvent D2O molecules, which are warmed up after the 
energy absorbed by the chromophore has relaxed and dissipated in the sample microvolume. 
In order to describe this signal in the proper way, the mechanism of the creation of the thermal 
grating should be taken into account, i.e. the interaction with the first two pulses should be 
expressed in the complete form. For this, both integrals over t1 and t2 are calculated in the 
expression for the third order polarization (Eq.3.46, Chapter 3). The third pulse is diffracted 
off the thermal phase grating that is written in the solvent and, therefore, the signal has 
instantaneous nature. Hence, the third order polarization for this contribution is written in the 
following way: 
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Here the parameter KHDO→D2O is an amplitude factor, which is chosen according to the data of 
heterodyne-detected and concentration dependent TG measurements. The parameter eiφ is 
introduced in order to account for a phase shift between the chromophore signal and the signal 
originating from the thermal grating in D2O. The term ( )( )212exp1 −−− tempTt  expresses the rise 
of the signal during the thermalization process (see Fig.5.5). 
The last thermal contribution, the signal that arises from the direct absorption of D2O, is 
written in the following way: 
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where KD2O is a scaling factor; T1D2O is the population lifetime of the OD-stretching mode. The 
term  describes the initial rise of the signal during the population relaxation 
process. The magnitude of the scaling factor K
)exp(1 1 )2(12
−−− ODTt
D2O is chosen according to the results of TG 
concentration dependence measurements (Fig.5.6). Due to large detuning from resonance, the 
signal generated at this nonlinearity is instantaneous, but the thermal grating is created via 
population relaxation from the excited OD-mode and, therefore, the integration over t2 is kept 
in the simulations in order to take this process into account. 
From photon echo experiments on pure solvent (see Chapter 4, Fig.4.3), we have derived 
that there is an appreciable contribution of the instantaneous signal in the photon echo around 
zero delay where the excitation pulses overlap in time. This signal must be taken into account 
for a correct reproduction of the experimental data in the time range, where the excitation 
pulse overlap. The instantaneous signal contribution is written in the following way: 
 





where Kinst is a normalization factor, found from experiments on the pure solvent. 
Finally, the total polarization is calculated by summing the chromophore response with all 
thermal contributions: 
 





















5.5 Numerical simulations 
 
In order to demonstrate the validity of this model we present here simulations of 
experimental PP and TG signals. The EPS data will be discussed in detail in the next Chapter. 
We start from simulations of the PP signal to demonstrate that the model allows describing the 
chromophore response involving the thermal effects. In Fig.5.10 the experimental PP spectra 
for delays of 500 fs and 10 ps are shown as open squares and circles respectively, while the 
solid and dashed lines depict the simulated data for these delays. In these simulations only the 
terms  and  are considered since ),,( 2312
)3( tttPtotal ),,( 2312 tttP
inst ),,( 2312
2 tttP ODBA  and 
 do not contribute to the PP signal. The latter is related to the fact that the PP 
is sensitive to the imaginary part of the complex susceptibility, while the thermal grating on 
the solvent is determined by the changes in the refractive index and, therefore, only the real 
part of the complex susceptibility is considered. Thus, we assume that the PP signal represents 
mainly the chromophore response, while the solvent contribution is not significant. The 





nuclear dynamics was used with a bi-exponential frequency fluctuation correlation function 
analogous to the one used in Chapter 4 and Chapter 7: 
 
 )exp()exp()0()()( 22 ttttM slowslowfastfast Λ−∆+Λ−∆== δωδω  (5.23) 
 
The parameters of the correlation function were taken from the results of the study of this 
system presented in Chapter 7: 1/Λfast ≅ 125 fs, ∆fast ≅ 90 cm-1, 1/Λslow ≅ 700±100 fs, 
∆slow ≅ 65 cm-1. The parameters related to the thermal effect, i.e. the values of the thermal 
changes of the chromophore absorption spectrum, correspond to the experimental data 
presented above. 
At a delay of 500 fs, the signal reflects mostly the transient vibrational transition 
population of the excited and the ground states, with the positive part corresponding to the 
induced bleaching (|g>→|e> transition) and the negative signal related to the induced 
absorption (transition |e>→|2e>). At 10 ps the signal is determined by the thermal shift of the 
ground vibrational state (see Fig.5.9) and corresponding modifications of the spectrum. As one 
can see the proposed model allows description of both the PP signal and the contribution due 
to the thermal modifications of the chromophore spectrum with a good quality. A slight 
divergence between the simulated and the experimental thermal PP signals at the low 
frequency side of the spectrum is related to the fact that this spectral region is close to the 
absorption band of the OD-stretching mode. Therefore, a small signal related to the thermal 
changes of the solvent spectrum can be detected here. 
The analysis of the frequency resolved PP data detected at large delay between the laser 
pulses allowed finding the stationary value of the temperature change that takes place after the 
absorbed pump pulse energy has relaxed and dissipated in the microscopic volume (see 
Section 5.3.1). From the time-resolved PP signal we can find the dynamics of the thermal 
equilibration of the chromophore as well as the initial temperature of the chromophore after 
vibrational relaxation ( , Eqs.5.14 and 5.15). The knowledge of the value of the 
last parameter is essential for correct modeling of the TG and EPS data.  
init
tempinitT ω∆∝
As we have discussed above in the PP signal the chromophore dynamics are mainly 
observed, while the solvent contribution to this signal is relatively small. Thus, this method 
provides the most sensitive way to observe the dynamics of the thermal equilibration of the 
chromophore. It has been shown that the population lifetime in this system is of the order of 
740 fs [21],  is also in good agreement with our experimental observations. Therefore, the 
deviation of the experimental PP signal from the exponential decay should reflect the pure 
thermal PP dynamics. This is illustrated in Fig.5.11, where an experimental time-resolved PP 
signal is shown as open circles, while the solid line depicts the exponential decay function 
with a time constant of 740 fs. The PP signal shown in Fig.5.11 is detected at a wavelength 
close to the maximum of the thermal signal (~3355 cm-1) providing the best signal-to-noise 
ratio. The difference between the experimental PP signal and the exponential function is 
shown in Fig.5.11 by open squares. 
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 Suimulations at 500 fs
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Fig.5.10. Experimental (symbols) and simulated (lines) PP signals for delays 500 fs (open squares, solid 
line) and 10 ps (open circles, dashed line). 
 


































Fig.5.11. Dynamics of the thermal PP signal at 3355cm-1. The open squares depict the thermal signal 
calculated as a difference between the experimental PP (open circles) and the exponential function with 
time constant 700 fs (solid line). The dashed line represents the simulations according to the model 




In the inset of Fig.5.11 the difference signal is depicted on a linear scale. The difference 
signal demonstrates an initial rise, coming to its maximum at ~2.5 ps and decaying 
subsequently to a constant positive value. Such signal behavior suggests that it reflects the 
dynamics of temperature equilibration. The initial rise of the signal is related to the dynamical 
increase of temperature close to the chromophore surroundings in the process of the energy 
relaxation of the excited OH-stretching mode. The subsequent decay is related to the energy 
redistribution by thermal diffusion. The dashed line in Fig.5.11 represents the simulation of 
the thermal dynamics according to the theoretical model described above. From these 
simulations we can derive the initial temperature of the chromophore after vibrational 
relaxation. Our estimations provide a value of the temperature rise of the order of 10±5 K. 
Finally, we present simulations of the TG signal. This allows demonstrating the ability of 
the model to reproduce the signal consisting of the chromophore as well as the solvent 
response. In Fig.5.12, the experimental and simulated integrated transient grating signals and 
the components of the simulated signal are shown as symbols and lines respectively. The case 
when the laser spectrum is positioned at the red wing of the absorption band is considered 
here. The response of the chromophore is depicted as a short dashed line. The signal, 
originating from the direct absorption of D2O, is represented by a dash-dotted line. The 
contribution due to indirect heating of the solvent molecules by the energy, released from the 
chromophore, is shown by the long dashed line. The levels, phase relations and dynamics of 
the signals are set according to the data of measurements of the TG signal concentration 
dependence (Fig.5.6) and the results of the analysis of heterodyne-detected transient gratings 







Total response of HDO
Direct absorption 
      of D2O
Indirect heating 
















  Total response of HDO found
            from time-resolved TG experiment
  Total response of D2O found 
            from time-resolved TG experiment
 
Fig. 5.12. Experimental (open circles) and simulated (solid line) integrated TG signal. The solid 
symbols represent the components of the TG signal derived in heterodyne-detected TG experiment 
(see Section 5.3.2 and Fig.5.5 for details). The short dashed, dashed and dash-dotted lines depict, 
respectively, the chromophore response, contribution due to indirect heating of the solvent molecules 
by the energy released from the chromophore, and the signal originating from the direct absorption 
of D2O. 
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(Fig.5.4 and Fig.5.5). The thermal effects on the chromophore are modeled with the same 
parameters, as used in the simulation of the PP signal, shown above. The simulated TG signal, 
which includes all the contributions (solid line), perfectly describes the experimental data. The 
results of the simulations for the blue shifted laser spectrum as well as the simulations of time-
resolved TG signals are shown in Fig.5.8. They are also in perfect agreement with the 
experimental data.  
 
 
5.6 Summary and conclusions 
 
In this Chapter we have presented a comprehensive study of the thermal effects taking 
place in the IR nonlinear spectroscopic experiments on a solution of HDO in heavy water. The 
thermal effects originate from the high sensitivity of the IR spectrum of water to temperature. 
The temperature in the focal volume of the sample increases after the energy absorbed by the 
vibrational modes of the chromophore and solvent has relaxed and converted to thermal 
motions of the molecules. 
Comparison of the PP spectra and the data obtained in the linear spectroscopic 
measurements at different temperatures allowed finding the value of the temperature increase 
in the focal volume that occurs in a typical spectroscopic experiment. According to our 
measurements the temperature increase does not exceed 1 K, which is in perfect agreement 
with the results of a direct estimation based on the known energy of excitation pulses, sample 
focal volume and the heat capacity of the sample. Thus, we have shown that the behavior of 
TG and echo-peak shift data, presented in Ref.[28] can not be explained by thermal shift of the 
chromophore absorption band only.  
Performing heterodyne-detected transient grating experiment, we have demonstrated that 
the major part of the thermal signal in the transient grating experiment originates from the 
solvent – heavy water. Transient grating measurements on the sample with different 
concentrations of the chromophore showed that one third of the solvent thermal response is 
due to the direct absorption by the heavy water, while the rest of the thermal signal is related 
to the energy absorbed by the chromophore and dissipated in the focal volume after relaxation. 
Thus, the thermal effects observed in the transient grating experiment can be divided into three 
parts: the chromophore response, the signal related to direct energy absorption by the solvent 
and indirect heating of the sample volume after relaxation of the energy from the excited 
OH-stretching mode. The last contribution consists of two parts: the response of D2O and the 
response of HDO molecules, which have not been excited directly by the pump pulses.  
According to the experimental data, the equations for the chromophore response 
presented in Chapter 3 have been modified to take into account the thermal shift of the 
spectrum of the OH-stretching mode. Also, the expressions describing the contributions 
related to the response of the solvent were developed. The validity of the model was tested in 
several simulations of the experimental data. 
As one can see from Eqs.5.14-5.20, the thermal signals and the “true” 3rd order response 
of the system have identical dependences on the excitation pulse energy. Therefore, the 
thermal effects can not be discriminated by changing the energy of the laser pulses. Another 
potential way to reduce the thermal effects is the variation of the sample thickness (focal 
volume) and concentration of the chromophore. Such modifications will mainly result in the 
mutual redistribution of different components of the thermal signal. For example, an increase 
of the sample thickness at constant optical density of the chromophore will lead to a decrease 
of the temperature change in the sample focal volume. However, the relative intensity of the 
thermal signal originating from the solvent will also increase in this case due to the respective 
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change of the solvent concentration. We will show in Chapter 7 that this situation is 
unfavorable for EPS measurements. On the other hand, a relative decrease of the solvent 
concentration can be achieved making the sample thinner. In this case the relative contribution 
of the solvent thermal signal will be lower. Although a temperature shift in the sample will be 
more substantial due to a reduced focal volume and, as a result, the total thermal signal will be 
more pronounced. Thus, neither of these methods will reduce the thermal effects. 
Understanding of this phenomenon is crucial for an accurate analysis of nonlinear IR 
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Dynamical Stokes shift and anharmonicity of the OH-stretch 






In this Chapter, we address the issue of the presence of the Stokes shift in the spectrum of the 
OH-stretch vibration of water. We also elucidate the value of the anharmonicity of this 
vibrational mode. The method of frequency resolved pump-probe is used. Analysis of the 
experimental data shows that within an experimental uncertainty of the order of 5 cm-1 the 
observed spectral dynamics is related only to the thermal effect, i.e. a modification of the 
absorption spectrum caused by heating of the sample due to absorption of the pump pulse 
energy. No appreciable Stokes shift is detected. The shape of the transient spectra is analyzed 
performing a global fit of the linear absorption and pump-probe spectra. The frequency shift 
between the transitions |g>→|e> and |e>→|2e>, which is determined by the anharmonicity of 
the corresponding vibrational mode, amounts to 190±20 cm-1. The width of the line 
corresponding to the |e>→|2e> vibrational transition is found to be approximately 1.3-1.5 
times larger than the width of the fundamental |g>→|e> transition, while their height ratio is 
close to the value 1.4. Frequency-resolved pump-probe experiments on solutions of water in 
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Water is often called the “solvent of life” since most chemical and biological processes 
take place in this medium. Moreover, in many cases water participates in these processes 
largely determining the effect. In spite of considerable research efforts, the properties of water 
and its role in life processes are still not completely understood. In this respect the solvation 
dynamics, i.e. the time-dependent interactions of the solvent and solute, are of primary 
interest. However, comprehension of the solvation dynamics in water is very difficult without 
knowledge of the dynamic properties of the pure solvent. It has been shown, that 
spectroscopic methods are informative tools for studying liquid state dynamics [1-8]. 
Infrared (IR) spectroscopy was proven to be an efficient technique for the investigation of the 
microscopic molecular dynamics of liquid water, since the molecular vibrations can be used as 
very sensitive probes of the dynamics of the microscopic structure [5,9-11]. 
One of the key spectroscopic parameters is the so-called Stokes shift, which is the 
difference in the average frequency of the relaxed emission (fluorescence) and the linear 
absorption. Upon excitation of the vibrational transition, the environment of the probe 
molecule responds to the new state of the chromophore, which consecutively leads to a shift of 
the frequency of the excited vibrational mode to lower values. Hence, the Stokes shift is 
caused by the difference in the interaction of the chromophore with the environment (solvent) 
in the ground and excited states. Since the response of the solvent is not instantaneous, the 
Stokes shift also evolves in time. The dynamics of the Stokes shift is determined by the 
character of the molecular motions and intermolecular interactions in the system. The value of 
the Stokes shift is an essential parameter in the model describing the system-bath interactions 
(see Chapter 3). The line shape function, which is a key parameter unifying linear and 
nonlinear spectroscopic experiments, becomes complex if the Stokes shift is present (Eq.3.40 
in Chapter 3). 
It has been shown that the OH-stretch vibration of water molecules is sensitive to 
hydrogen bonding, whereas the latter phenomenon mostly determines the microscopic 
structure and dynamics of water [12-24]. Therefore, in most studies this vibrational mode is 
used as a probe for the investigation of the dynamics of the water structure [5,9-11,25-29]. 
Several theoretical and experimental studies have addressed the Stokes shift of the OH-stretch 
vibration frequency of water molecules in the liquid phase. A solution of HDO in heavy water 
is usually employed in these studies as a convenient experimental system (see Chapter 1). In 
hole burning experiments on the OH-stretch vibration (spectrum of HDO molecules dissolved 
in D2O) no appreciable Stokes shift was observed [5,9]. In this study, the spectral dynamics 
were presented in terms of the first moment of the transient spectrum. The symmetric behavior 
of the first moment for the case of the excitation on the red and blue wings of the absorption 
line provides a straightforward indication of the absence of a considerable Stokes shift.  
However, in later measurements a (very) pronounced Stokes shift (~74 cm-1) occurring on 
the timescale of the order of 500 fs was found in the same system. In the latter study a two-
color pump-probe (PP) technique was employed [1]. The excitation and probing were 
performed on the red and blue side of the absorption spectrum, respectively and vice versa. 
The Stokes shift and its dynamics were inferred from the initial behavior of the pump-probe 
signals measured with these two combinations of excitation and probing wavelength. The 
physical origin of the Stokes shift was explained by the effect of strong coupling of the OH-
stretching mode to the hydrogen bond, leading to a substantial difference between the 
potential energy functions of the hydrogen bond for the ground and excited state of the OH-
stretching mode. Recently in MD simulations, employing a semiclassical approach and 
specially dedicated to model the spectroscopic characteristics of this system, the value of the 
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Stokes shift was estimated to be on the order of 57 cm-1 [30]. The latter value is in good 




2h∆=λ   (6.1) 
 
This expression is derived from Eq.3.30 and 3.31 (Chapter 3) assuming that Tk B2>>ωh , 
which is usually called the high temperature limit. In the latter theoretical study, the dynamics 
of the Stokes shift was predicted to be bimodal with a fast timescale of the order of 30 fs and a 
slow one in the range of 700 fs. 
Thus, the existence of a Stokes shift for the OH-stretching vibrational mode in liquid 
water, its value, and the timescale of corresponding dynamics still remain controversial issues. 
The experimental methods employed to date, to study the Stokes shift on this vibration, had a 
rather restricted time-frequency resolution. All these experiments were performed with 
relatively long IR pulses (with a duration in the range of 150-250 fs) having a spectrum 
substantially narrower than the absorption spectrum of the chromophore. Therefore, in such 
experiments the frequency of the probe has to be changed during the experiment, which can 
substantially lower the accuracy of the experimental data. Sub-100 fs IR pulses with a 
spectrum covering simultaneously the range of both the |g>→|e> and |e>→|2e> vibrational 
transitions of the OH-stretching mode of HDO, are required to perform frequency resolved 
pump-probe measurements without tuning the laser wavelength during the experiment. This 
provides maximal precision and consistency of detection of the spectral dynamics. 
The second important issue, considering nonlinear IR spectroscopy on water, is the 
parameters of the excited state absorption of the OH-stretch vibration. It has been shown that 
the frequency shift between the ground and excited state transitions, which is determined by 
the anharmonicity of the vibration, is comparable with the width of the corresponding 
absorption band. Its value, as generally accepted nowadays [1,11,25,31], is of the order of 
270 cm-1. Consequently, the excited state absorption is involved in the interaction with the 
laser pulses. Therefore, for a correct interpretation of the experimental results both |g>→|e> 
and |e>→|2e> vibrational transitions have to be taken into account in the analysis of the 
experimental data.  
The value of the anharmonicity of the OH-stretching vibrational mode was found in early 
pump-probe experiments on a solution of HDO in D2O [32]. It was later used without further 
verification, in most of the ultrafast IR studies of water [1,31]. The anharmonicity was derived 
as a frequency shift between the peak maxima of the induced bleaching and induced 
absorption in the pump-probe spectrum. However, when the width of the spectral bands is 
comparable to the value of the anharmonicity, the positions of the peaks in the pump-probe 
signal do not correspond directly to the peak positions of respective spectral bands. This can 
be explained by a simple illustration presented in Fig.6.1. In Fig.6.1(a) a model pump-probe 
spectrum is depicted as a solid line and the corresponding spectral bands shown as dashed and 
short-dashed lines. As one can see, due to the strong overlap between the spectral bands 
related to the ground and excited state transitions, the peaks of the pump-probe signal 
substantially deviate from the peaks of the corresponding spectral bands. In order to make a 
quantitative estimation of this deviation, we performed the following simulation. The pump-
probe signal was modeled as the difference of two identical Gaussian bands: one related to the 
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Fig.6.1. A model pump-probe spectrum with corresponding spectral bands (a). The arrows depict the 
positions of the peak maxima. The ground and excited state transitions spectral bands are shown as 
short dashed and dashed lines respectively. The shift between the maxima of the pump-probe peaks as 
a function of the full width at half maximum of the spectral bands for an anharmonicity of 200 cm-1 is 
shown in (b). 
 
where σ determines the width of the peak and ∆ − the anharmonicity. Taking the derivative of 
this expression with respect to the wavelength, equating the result to zero and solving this 
equation numerically, we obtain the positions of extrema of the pump-probe signal. The shift 
between the maxima of the peaks of the pump-probe signal versus the full width at half 
maximum of the spectral band for the anharmonicity of 200 cm-1, is shown in Fig.6.1b. In this 
case, the frequency shift between the peaks of the pump-probe signals corresponds to the real 
anharmonicity, when the width of the spectral bands does not exceed 150 cm-1, substantially 
increasing with further broadening of the spectrum. The spectrum of the OH-stretching mode 
of HDO in heavy water has a width of approximately ~250 cm-1, which is substantially beyond 
the regime of direct correspondence of the pump-probe peaks positions to the positions of the 
maxima of the corresponding spectral bands. It is necessary to note, that in the simulations 
presented here we assumed that the spectral bands corresponding to the ground and excited 
state transitions have identical shape and intensity. This assumption may not be completely 
justified in practice. For example, previous pump-probe experiments on the spectrum of the 
OH-stretch vibration of HDO in heavy water indicated that the width of the overtone state 
transition is considerably larger than the width of the fundamental transition [25,33]. In this 
case our simulations slightly underestimate the extent of the regime of the direct 
correspondence of the peaks in the pump-probe signal and the real spectral bands. Thus, in 
order to find the anharmonicity of the OH-stretching mode of HDO in heavy water, a simple 
observation of the frequency shift between the extrema of the pump-probe signal is not 
sufficient. Further analysis of the experimental pump-probe data is required. 
In this Chapter we study the dynamical Stokes shift of the OH-stretch vibration of HDO 
dissolved in D2O using the frequency resolved pump-probe technique. Also, pump-probe 
experiments on solutions of HDO and H2O molecules in acetonitrile were performed, in order 
to clarify the characteristics of the excited state absorption of the OH-stretch vibration and to 
find the anharmonicity of this vibrational mode. We show that within the accuracy of our 
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experiment, which is of the order of 5 cm-1, no Stokes shift can be detected. The frequency 






The observation of the Stokes shift of the OH-stretching vibrational mode of water by 
measuring the relaxed fluorescence spectrum is practically impossible, since in water the 
radiationless vibrational energy relaxation channels are very effective [29,34,35]. 
Accordingly, the fluorescence quantum yield is low. In this case pump-probe turns out to be 
the most suitable method to determine the Stokes shift. Furthermore, this method provides a 
dynamic picture of the relaxation process [25]. 
To carry out the experiments, IR pulses of ~70 fs duration, with energies of about 10 µJ 
and tunable in the range 2800 – 4000 cm-1 , were generated at a 1 kHz repetition rate using a 
home-built 3-stage optical parametric amplifier (OPA). The method of generation and 
characterization of the IR pulses, employed in this experiment is described in detail in 
Chapter 2.  
The experimental setup for carrying out pump-probe experiments is depicted and 
discussed in detail in Chapter 2; in Fig.6.2 we present only its general scheme. For the pump-
probe experiments, the IR output of the optical parametric amplifier is split into two parts, 
constituting the pump and probe pulses. One pulse can be delayed with respect to the other 
one by means of a precisely controlled scanning delay stage. The pump and probe beams are 
focused into the sample and recollimated with two spherical 10 cm mirrors. The probe was 
spectrally dispersed through a monochromator (CVI) and its spectral components measured 
with a liquid-nitrogen cooled InSb detector (Hamamatsu). A synchronous 500 Hz chopper was 
inserted in the pump beam. The pump-probe signal (modulation of the probe beam intensity 
∆Iprobe) was processed with a lock-in amplifier, while the reference signal (the probe beam 
intensity Iprobe) was simultaneously detected as the DC component of the detector output. Both 
signals were digitized and stored in a computer. The difference absorption signal (in units of 
∆ O.D.) was calculated as the ratio ∆Iprobe/ Iprobe. The experiments were performed with the 
 
 
Fig.6.2. Schematic of the setup for pump-probe experiments (left panel). In the right panel the 
spectrum of the laser pulses (thick solid line) is shown along with the pump-probe spectrum of the 
OH-stretching vibration of HDO in D2O (open circles). The dashed and dotted lines in the right panel 




polarization of the pump and probe pulses set at 54.7o, which provides the signal free of 
orientational anisotropy [36]. 
The spectrum of 70 fs laser pulses covers both |g>→|e> and |e>→|2e> vibrational 
transition regions as shown on the right hand side of Fig.6.2. At this figure the laser spectrum 
is depicted as a thick solid line, while the pump-probe spectrum of our sample and its 
components are shown as open circles, dashed and dotted lines respectively. Employing such 
broadband excitation spectrum and short pulse duration, enables us to measure the pump-
probe signal throughout the entire region of 2900-3700 cm-1 without tuning the wavelength of 
the laser output during the experiment. This allows the recording of very accurate transient 
pump-probe spectra with high spectral and temporal resolution. 
Three types of samples were studied: a solution of HDO in D2O, H2O in acetonitrile and a 
mixture of HDO, H2O and D2O molecules in acetonitrile. In the first two samples the 
concentration of HDO in D2O and H2O in acetonitrile was approximately 1 molar percent 
(0.6 M). In the third sample the total concentration of water molecules (HDO, H2O and D2O) 
in acetonitrile was 5 molar percent. In the last sample the equilibrium concentration of HDO 
exceeded the concentration of H2O by approximately a factor of seven. The optical density of 
the sample at the peak of OH-stretching absorption line was for all the samples in the range 




6.3. Experimental results and discussion  
 
6.3.1 The vibrational Stokes shift 
 
In order to study the spectral dynamics and determine a possible Stokes shift for the OH-
stretch vibration of HDO dissolved in D2O we performed a series of frequency-resolved 
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Fig. 6.3. Frequency-resolved pump-probe signals as measured in the experiment (left panel, open 
circles) and after the thermal pump-probe signal has been subtracted (right panel, open circles). The 
solid lines represent numerical simulations according to the model described in the text. 
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pump-probe measurements on the corresponding vibrational spectrum. The experimental 
pump-probe signals for four representative delays (0.3, 1.2, 2.5 and 6.5 ps) are shown in 
Fig.6.3a as open circles. The transient pump-probe spectra consist of an induced bleaching 
(shown as positive signal) and an induced absorption (negative signal). As one can see the 
shape of the pump-probe signal contour is slightly altered when the delay between the 
excitation pulses is increased. The changes in the spectrum become noticeable approximately 
at a delay of 1 ps. With increasing delay between pump and probe pulses the position of the 
maximum of the induced bleaching signal shifts to lower frequencies, while the relative 
amplitude of the induced absorption decreases.  
In the situation where the excited state absorption makes an appreciable contribution to 
the signal, and a direct analysis of the contour behavior is complicated, the behavior of the 
zero crossing frequency can be used as a very sensitive indicator of the spectral dynamics. The 
zero crossing frequency is the point at which the pump-probe spectrum has zero intensity 
changing from the induced bleach to the induced absorption. The zero crossing frequency 
extracted from our experimental pump-probe signals is depicted in Fig.6.4 as open triangles. 
This value was found by performing a linear fit to several experimental points around the zero 
signal intensity (approximately in the range ±20 cm-1) for each experimental transient 
spectrum. Such a procedure provides more reliable data with respect to the signal noise than 
the direct use of the experimental point corresponding to the signal with the lowest amplitude. 
As one can see, the zero crossing point does not move appreciably up to 1 ps, shifting 
gradually to lower frequencies with further increase of the delay between the pulses. Near a 
delay of 4 ps it settles to a constant value shifted from the initial position by almost  
100 cm-1. 
We have shown in Chapter 5 that the pump-probe signal has a noticeable thermal 
component, which originates from the changes in the position, intensity and width of the 
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Fig. 6.4. Zero-crossing point for experimental frequency resolved pump-probe signals (empty 
triangles) and after the thermal pump-probe signal has been subtracted (solid circles). The thin solid 
and dotted lines are drawn as eye guides. Solid and dash lines represent numerical simulation of the 




absorption spectrum, as a result of a temperature rise in the focal volume of the sample. The 
temperature change in the sample is caused by the energy of an excitation pulse absorbed by 
the chromophore and the solvent and dissipated in the sample after vibrational relaxation. The 
pump-probe signal at a 6.5 ps delay represents practically a purely thermal effect. Its shape 
and intensity do not change with further increase of the delay between the excitation pulses in 
the experimentally accessible region.  
At short delays the bleaching part of the pump-probe spectrum is related to the pump-
induced “hole” in the ground state and stimulated emission from the exited state, i.e. it 
characterizes the transition |g>→|e>. The negative part of this signal represents the pump-
induced absorption from the excited state to the higher vibrational level and, therefore, 
corresponds to the transition |e>→|2e>. At large delays between the pump and the probe 
pulses the signal is determined by the thermal shift of the ground state of the OH-stretching 
vibrational transition. Thus, it represents the difference between the absorption spectra at the 
initial and elevated temperature. 
Since the thermal effect is additive, the corresponding thermal pump-probe signal can be 
subtracted from the experimental data to obtain the data unaltered by the temperature shift. 
The PP spectra free of the thermal effect are presented in Fig.6.3b. The scaling of the thermal 
pump-probe spectrum was performed according to the known thermalization dynamics of this 
contribution (see Fig.5.12 in Chapter 5). The zero-crossing frequency for the experimental 
signals with the thermal contributions subtracted is shown in Fig.6.4 as solid circles. In this 
case, within the experimental uncertainty, the shape of the PP spectra as well as the position of 
the zero crossing frequency are not changed with increasing of the delay between the pulses. 
The fact that neither the signal shape nor the zero crossing frequency vary with a frequency 
change, strongly indicates the absence of the Stokes shift in this system. 
Applying the theoretical formalism, summarized in Chapter 3, and the model for the 
thermal effects, described in Chapter 5, we can simulate the pump-probe spectra for both 
situations: with the thermal contribution included and with the thermal contribution 
subtracted. In order to simplify the representation of the experimental results we do not 
consider the separation of the spectrum into sub-bands corresponding to the hydrogen bonded 
and non hydrogen-bonded OH-oscillators (see Chapter 4 for details). The stochastic model for 
the description of the system-bath interactions is assumed. The correlation function is 
bi-exponential as introduced in Chapter 4 (see Eq.4.5) with the following parameters: 
1/Λ1=130 fs, ∆1=90 cm-1 , 1/Λ2=700 fs, ∆1=65 cm-1. Note, that the Stokes shift is not included 
in this model. The parameters of the excited state absorption used in this simulation are 
discussed in the next section. Simulated pump-probe spectra are presented in Fig.6.3 as solid 
lines. They describe the experimental data very well. The slight mismatch between the 
experimental and simulated data at the high-frequency side of the spectrum is due to the use of 
the simplified model with a single spectral band. The small divergence at the low-frequency 
side is related to the fact that the model implies a symmetric spectral band, while the 
absorption contour of the OH-stretching mode of water molecules in liquid phase is slightly 
asymmetric (see Chapter 4 for details). 
For comparison, we have also performed numerical simulations with the Brownian 
Oscillator Model where the Stokes shift is taken into account (see Chapter 3, Eqs.3.38-3.42). 
Two overdamped Brownian oscillators were employed as an extension of the stochastic model 
presented above. The line-shape function in this case has the following form: 
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where the parameter 2λ determines the Stokes shift. The value of the Stokes shift for every of 
the two parts was calculated according to the high-temperature limit approximation (Eq.6.1). 
The zero crossing frequency behavior calculated for the case when the fast part of the 
correlation function is derived from the low-frequency Raman spectrum of the solvent, that is 
D2O, is shown in Fig.6.4 as a solid line. As we have shown in Chapter 4, the low-frequency 
Raman spectrum reflects the real spectral density of the bath modes. The value of the Stokes 
shift derived in these calculations perfectly matches the one computed according to the high 
temperature limit, which prove the validity of the high temperature approximation for this 
case. The other parameters of the oscillators were the same as used in previous simulations, 
where the stochastic model was employed. The dashed line depicts the position of the zero-
crossing point for the Brownian Oscillator Model with a single exponential correlation 
function having a decay time of 500 fs. In the latter case the value of the Stokes shift was 74 
cm-1 as suggested in Ref.[1]. For convenience of comparison of the experimental data and the 
results of our simulations, the positions of the zero crossing point found from the simulations 
were slightly adjusted with respect to the experimental data by shifting all the values at once 
along the frequency axis to match the first experimental point at 200 fs delay. This shift did 
non exceed 5 cm-1, which is within the accuracy of the experimental data. As one can see in 
both situations the behavior of the zero crossing point found in the simulations is considerably 
different in comparison to the experimental results. Obviously, both models, where the Stokes 
shift is included, are not capable of describing the experimental data.  
A possible explanation of the disagreement between our conclusions and the results 
presented in the Ref.[1] on the existence of a Stokes shift for the OH-stretching vibrational 
mode of HDO in heavy water is given in the Appendix 6.A1. Briefly: simulations of the two-
color pump-probe experiment presented in the Ref.[1] by applying the complete theoretical 
formalism for  the calculation of the third order nonlinear response (described in Chapter 3) 
show that these experimental data can be perfectly reproduced with a stochastic model, where 
a Stokes shift is absent. The initial behavior of the pump-probe signals interpreted in the 
Ref.[1] as evidence for the existence of the Stokes shift is likely to be related to the interaction 
of different components of the PP signal in the pulse overlap region. 
Thus, our experiments have shown the absence of a considerable Stokes shift for the OH-
stretch vibration of water molecules in liquid phase. The excitation of this vibrational mode 
does not lead to a significant reorganization of its environment and subsequent modification of 
the OH-bond potential. A reorganization of the adjacent hydrogen bond that takes place after 





6.3.2 Characterization of the excited state transition 
 
In the previous section, we have shown that no spectral dynamics was observed in the 
frequency-resolved PP at small delays, where the thermal effect is minor. Therefore, the shape 
of the PP spectra can be directly analyzed to extract the parameters of the exited state 
absorption and the anharmonicity of this vibrational mode. However, as we have discussed in 
Introduction, determination of the anharmonicity of the OH-stretching mode is complicated, 
due to the substantial broadening of the vibrational spectrum and consequent by strong overlap 
of the spectral bands corresponding to the |g>→|e> and |e>→|2e> transitions. In order to 
overcome this problem and acquire more consistent data, we have also performed frequency-
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resolved pump-probe measurements on a solution of water in acetonitrile. In this case the 
peaks in the pump-probe spectrum should closely resemble corresponding spectral bands (see 
Fig.6.1b) since the spectrum of the OH-stretching mode in an acetonitrile solution is 
substantially narrower than in pure water.  
The interaction between water molecules leading to the formation of a 3D hydrogen bond 
network is absent in dilute acetonitrile solutions, which substantially simplifies the system. 
The narrowing and the blue shift of the absorption spectrum of water in acetonitrile reflect this 
simplification. However, the anharmonicity of the OH-stretching mode of water is not 
expected to differ significantly in acetonitrile and pure water, since rather strong hydrogen 
bonding between water and acetonitrile molecules is present [37]. Therefore, studying dilute 
solutions of water in acetonitrile can provide more detailed information about the 
spectroscopic characteristics of water molecules in the liquid phase, especially with regard to 
the value of the Stokes shift. In Chapter 8, we will show that this solution also provides a 
convenient system to study the mechanism of energy relaxation in water.  
The results of pump-probe experiments on pure water and acetonitrile solutions are 
presented in Fig.6.5. The pump-probe spectra (open circles) are shown with the corresponding 
linear absorption spectra (open squares) for three studied samples: HDO in D2O (Fig.6.5a), 
HDO in acetonitrile (Fig.6.5b) and H2O in acetonitrile (Fig.6.5c). Pump-probe spectra, shown 
in Fig.6.5a-c and analyzed here were measured at a delay of 500 fs between the pump and the 
probe pulses to assure the absence of any pulse overlap effects in the signals. In the case of a 
mixture of HDO, H2O and acetonitrile (Fig.6.5b) the signal, originating from H2O, was 
subtracted from the total pump-probe signal, which provides the contribution from HDO 
molecules only.  
The peak of the induced bleaching corresponding to the ground state absorption of the 
OH-stretching vibrational mode of HDO molecules in heavy water, is centered at ~3420 cm-1, 
while the peak of the induced absorption (excited state transition) related to this mode is 
situated at ~3170 cm-1 (Fig.6.5a). Thus, the frequency shift between these extrema is indeed of 
the order of 250 cm-1. However, as we have shown in Introduction, this number does not 
necessarily reflect the value of the anharmonicity of the vibrational mode. 
When HDO is dissolved in acetonitrile (in accordance with the blue shift of the 
corresponding linear absorption spectrum), the induced bleaching is positioned at  
~3575 cm-1, whereas the induced absorption is centered at ~3380 cm-1 (Fig.6.5(b)). In this case 
the frequency shift between the minimum and the maximum of the pump-probe spectrum 
equals 195 cm-1, which is considerably lower than in pure water. Due to the relatively small 
width of the spectral bands in this situation, the magnitude of the frequency shift between the 
extrema of the PP signal should closely correspond to the value of the anharmonicity. 
As one can see in Fig.6.5c, the linear absorption spectrum of H2O in acetonitrile in the 
studied spectral region consists of two bands. This is due to the fact that a H2O molecule is a 
typical example of a molecule with the symmetry type C2V [38], where the stretching vibration 
is delocalized over two bonds and consequently split into two modes: symmetric and 
antisymmetric. The energy difference between these modes in the case of water is about 90 
cm-1. The absorption peak of the antisymmetric vibrational mode is at 3635 cm-1, while the 
absorption corresponding to the symmetric mode peaks at 3545 cm-1. As a result of such 
intramolecular delocalization of the vibrational mode, the structure of the pump-probe signal 
for this sample is more complex than in the case of HDO molecules, where the OH-stretch 
vibration is mostly localized on the OH-bond. Taking into account a relatively small energy 
difference between the symmetric and antisymmetric vibrations, these modes can interact with 
each other leading to the appearance of cross terms [39]. The transitions from the excited state 
of the symmetric stretching mode to the second excited state of the antisymmetric stretching 
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and vice versa are possible in H2O. The energy absorption diagram for this system is shown in 
Fig.6.5d. Accordingly, six lines can emerge in the pump-probe signal of this system: two 
contours of induced bleaching and four of induced absorption. A similar shape of the PP 
spectrum of H2O molecules dissolved in methylenechloride was observed earlier [39]. 
 
Fig.6.5. Frequency resolved pump-probe signals (circles) and linear absorption spectra (squares) for 
solutions of HDO in D2O (a), HDO in acetonitrile (b) and H2O in acetonitrile (c). The thick and thin solid 
lines represent the simulations of the pump-probe signals and linear absorption spectra, respectively. The 
dashed and dash-dotted lines in the figures (a) and (b) show the contributions to the pump-probe signal of 
induced bleaching and induced absorption respectively.  The plot (d) represents the energy level scheme 
and corresponding transitions for H2O. The arrows in the graph (c) depict the positions of the lines of 
induced bleaching (pointing upwards) and induced absorption (pointing downwards). 
 
In order to find the frequency shift of the transition |e>→|2e> with respect to |g>→|e> and 
the shape of the contour of the excited state transition, we performed the following analysis. 
The linear absorption and pump-probe spectra were simulated simultaneously in a global fit 
procedure. It is known that the absorption spectrum of the OH-stretching vibrational mode of 
water molecules in liquid phase has an asymmetric shape. The asymmetry of the absorption 
line is determined by the fact that the frequency of this vibration, being strongly influenced by 
the hydrogen bond, is a nonlinear function of the hydrogen bond length [40,41]. This 
nonlinearity results in an asymmetric projection of the hydrogen bond fluctuations on the 
vibrational frequency coordinate. Therefore, the following asymmetric contour – a product of 









































aHA  (6.4) 
 
where parameters H, σ, ω0 , s and a define height, width, central frequency, asymmetry and 
balance between Gaussian and Lorentzian lineshapes, respectively.  
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The linear absorption spectrum and induced bleaching in the pump-probe signal, i.e. the 
contours that correspond to the transition |g>→|e>, were fitted with lines having identical 
shape and position, i.e. parameters σ|g>→|e>, ω0|g>→|e>, s|g>→|e> and were global. This is fully 
justified since no spectral dynamics were observed in the pump-probe signals up to the delay 
between the pump and probe pulses analyzed here. The induced absorption line had free 
parameters of height, central frequency and line width.  
 
 
Fig.6.6. Schematic representation of the energy levels, vibrational transitions and resulting spectra 
for the OH-stretching vibration in HDO molecule. 
The results of the fit for the solutions of HDO in heavy water and acetonitrile are 
presented in Fig.6.5a and b as thick solid lines (total pump-probe signal), thin solid lines 
(linear absorption spectrum), dashed lines (induced bleaching) and dashed-dotted lines 
(induced absorption).  
For both solutions, the value of the anharmonicity of the OH-stretching vibrational 
transition in HDO molecules obtained in the fit was 190±20 cm-1. This value acceptably 
matches the figure derived from the MD simulations for the same system (~185 cm-1 [30]). In 
pure water as well as in acetonitrile solution, the width of the line corresponding to the 
|e>→|2e> vibrational transition, is approximately 1.3-1.5 times larger than the width of 
fundamental |g>→|e> transition. The latter is related to the fact that fluctuations of the 
fundamental transition (|g>→|e>) are also projected onto the transition |e>→|2e> that leads to 
increase of the width of the corresponding absorption band in comparison to the spectrum of 
the ground state transition as illustrated in Fig.6.6. The ratio of heights of the spectral bands 
corresponding to the transitions |g>→|e> and |e>→|2e> is close to the harmonic value of 1.4. 
The results of the global fit of the linear absorption spectrum and the pump-probe signal 
for the solution of H2O in acetonitrile is shown in Fig.6.5c as a solid line. The arrows depict 
the positions of the respective components, denoted in the energy absorption diagram 
(Fig.6.5d). The arrows pointing upwards represent the induced bleaching, while those pointing 
downwards correspond to the induced absorption. For this system, the fit yielded the value of 
170±10 cm-1 of the anharmonicity of the OH-stretching mode, which also coincides well with 
the results for HDO molecules. Thus, the anharmonicity of this vibrational mode in HDO and 
H2O molecules in pure liquid water as well as in acetonitrile solution, is in the range of 
160-210 cm-1, which is noticeably lower than the generally accepted  value of 270 cm-1. 
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6.4 Summary and conclusions  
 
Employing broadband IR pulses of 70 fs duration allowed determination of the shape and 
dynamics of pump-probe spectra with unique accuracy and high spectral and temporal 
resolution. The quality of the experimental data along with the knowledge of the parameters of 
the thermal effect that contribute to the experimental pump-probe spectra, provide an 
opportunity to clarify several important issues related to the ultrafast spectroscopy of water. 
Namely, the Stokes shift of the spectrum corresponding to the OH-stretch vibration of HDO 
molecules and the anharmonicity and the shape of the excited state transition absorption band 
have been elucidated. 
In order to provide maximal accuracy in the analysis of the frequency-resolved pump-
probe signal dynamics, it was expressed in terms of behavior of the zero crossing wavelength. 
Analysis of the experimental data showed that within our experimental uncertainty, which 
does not exceed 5 cm-1, the observed spectral dynamics was related only to the thermal effect 
– the modifications of the absorption spectrum caused by the heating of the sample due to the 
absorption of the pump pulse energy. Thus, no appreciable Stokes shift was detected in this 
system. The absence of a considerable Stokes shift may be related to the fact that the effect of 
the response of the environment on the average frequency of the excited chromophore is either 
too weak to be detected with the current technique or occurs on a timescale, which is 
substantially longer then the population relaxation dynamics. Hence, the stochastic model for 
the frequency fluctuation correlation function is completely adequate for the description of the 
interaction of the chromophore with its environment in this system. 
Having analyzed the shape of the transient spectra by performing the global fit of the 
linear absorption and pump-probe spectra, we found that the frequency shift between the 
transitions |g>→|e> and |e>→|2e> related to the anharmonicity of the corresponding 
vibrational mode, amounted to 190±20 cm-1. The width of the line corresponding to |e>→|2e> 
vibrational transition was found to be approximately 1.3-1.5 times larger than the width of 
fundamental |g>→|e> transition, while their height ratio was close to the value 1.4. The 
frequency-resolved pump-probe experiments on solutions of water in acetonitrile substantiate 





As shown above, the conclusion based on the analysis of the frequency resolved pump 
experiments, which stated the absence of a significant stokes shift for the OH-stretch vibration 
of HDO dissolved in D2O, contradicts the results from Ref.[1]. In the latter study, the Stokes 
shift of 74 cm-1 with a characteristic correlation time of 500 fs was found from the analysis of 
two-color pump-probe experiments with 200 fs IR pulses. The time-resolved pump-probe 
transients with spectra of pump and probe pulses positioned consecutively on the blue and red 
sides of the absorption spectrum were measured in this study. When the spectrum of the pump 
pulse was tuned on the high-frequency wing of the absorption line, the probe was set at the 
low frequency side, the time-resolved pump-probe signal appeared with a noticeable delay in 
respect to the case when the spectra of the pump and probe pulses were positioned in the 
opposite way. Such behavior of the pump-probe signal was related to the dynamical red shift 
of the transient absorption spectrum. Therefore, it was interpreted as evidence for the 
existence of the Stokes shift. The experimental data were analyzed applying the Brownian 
Oscillator Model in a spectral diffusion limit [42]. The calculations were performed assuming 
infinitely short excitation pulses (delta-pulse limit). In order to take into account the finite 
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pulse duration, the authors performed a convolution of the results of the simulations with the 
experimental cross-correlation function. However, in this way the coherent coupling between 
the pump and probe pulses is neglected. We will show in this Appendix that the coherent 
coupling strongly affects the experimental results around the zero delay position, which can 
lead to a misinterpretation of the experimental data. 
We have performed a rigorous theoretical analysis of this case carrying out numerical 
simulations of the experimental data from the Ref.[1] according to the complete theory 
expounded in Chapter 3. In this theory all interactions between the pulses are taken into 
account. The pump-probe signal was calculated for every delay between the excitation pulses 
as a four-fold integral according to Eq.3.46 (Chapter 3). The response functions 
(Eqs.3.19-3.22) were modified in order to account for the different central frequencies of the 
pump and probe pulses in the following way: 
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where pumpegpump ωωω −=∆  , probeegprobe ωωω −=∆ , egeeTR ωωω −=∆ 2 and the parameter r is 
introduced to take into account the ratio of the transition dipole moments for the |g>→|e> and 
|e>→|2e> transitions. The contributions related to the response functions  ,  and  
describe the case where the pump pulse precedes the probe, while the terms related to the 
response functions  ,  and  correspond to the opposite situation. The pump-probe 
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In the simulations we used pulses of a ~200 fs duration and a flat spectral phase, which 
matches the experimental conditions of the experiment described in Ref.[1]. The stochastic 
model for the molecular dynamics was employed with the following parameters of 
biexponential correlation function: 1/Λ1=130 fs, ∆1=90 cm-1 , 1/Λ2=700 fs, ∆1=65 cm-1, that 
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corresponds to the model for the water dynamics presented in Chapters 4. Note, that no Stokes 
shift is included in this model. The results of our simulations are presented in Fig.6.A1. The 
upper plot depicts the pump-probe signal (solid line) for the case where the spectrum of the 
pump pulse is positioned at the blue wing of the absorption line while the probe is at the red 
side. The laser spectra and the absorption contour are shown in the inset. The dashed line 
presents the convolution of the cross-correlation of the laser pulses with an exponential 
function of the form exp(-t/T1),  where T1=740 fs. This function models instantaneously a 
raising pump-probe signal. As one can see, the calculated pump-probe is noticeably delayed in 
respect to the instantaneous signal. At the lower plot, the reversed situation is depicted: the 
spectrum of the pump is at the red side of the chromophore absorption line, while the probe is 
at the blue wing. In this case the pump-probe signal (solid line) rises almost simultaneously 







































Fig.6.A1. Results of numerical simulations of experimental data from Ref.[1] according to the model 
described in the text. The solid line represents the calculated pump-probe signal. The dashed line shows 
instantaneous signal calculated as a convolution of crosscorrelation of pump and probe pulses with an 
exponential decay function of the form exp(-t/T1) where T1=740 fs. The dotted and dash-dotted lines 
depict the PP signal components related to the response functions  and  in the case of the 
2-level and 3-level systems, respectively. The positions of the spectra of the pump and probe pulses in 





2O are shown in the 
insets. The pump pulse, probe pulse and the absorption spectrum are depicted by solid, dash-dotted and 
dotted lines, respectively 
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Our calculations describe very well the experimental data presented in Ref.[1] without a 
need to introduce the Stokes shift. Modeling with different contributions to the total pump-
probe signal has shown that such initial behavior of the signal is due to coherent interaction of 
the pump and probe pulses when they exchange their mutual positions in respect to the zero 
delay point. The contribution related to the response functions  and , which 
corresponds to the situation when the probe pulse precedes the pump, is shown in Fig.6A.1 as 
a short dotted line (2-level system) and a dash-dotted line (3-level system). As one can see, 
they have a negative sign. If the excited state absorption is not taken into account, (2-level 
system) the intensity of this signal component does not depend on whether the probe pulse 
spectrum is positioned at the red or at the blue side of the chromophore absorption band. 
However, in the realistic 3-level system, where the excited state absorption is considered, the 
situation is different. When the pump pulse spectrum is on the blue wing of the absorption 
line, the probe pulse considerably overlaps with the excited state absorption that enhances the 
signal related to the terms  and  (dash-dotted line in Fig.6.A1a). When there is an 
opposite positioning of the pump and probe pulse spectra, this signal component becomes 
weaker in comparison with the signal in the 2-level model (dash-dotted line in Fig6A.1b). 
Thus, when the components corresponding to the terms ,  and ,  are 
summed up, the total signal around the zero delay will be suppressed more in the case when 
the pump pulse is on the blue wing of the absorption line, than when the position of the laser 
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In this Chapter we present a detailed investigation of the slower timescale in the dephasing 
dynamics of the OH-stretching vibrational mode, employing the stimulated photon echo-peak 
shift technique. In order to extract information about the dephasing dynamics from the 
echo-peak shift data we take into account the thermal effects, accompanying the nonlinear 
spectroscopic experiments on water, as presented in Chapter 5. Performing a global fit of the 
data of the echo-shift, transient grating and linear absorption measurements to the developed 
model, we derive the time constant for the slow part of the frequency fluctuation correlation 
function. The data analysis yields a value of 700 fs for this parameter, which is in perfect 
agreement with the figure derived from the heterodyne detected photon echo experiments. It is 
also in good agreement with data presented in the literature. The physical basis underlying this 
timescale is discussed. We also present the results of an echo-peak shift experiment 
concerning with the OH-stretching mode of HDO dissolved in acetonitrile. In this solution the 
thermal effects are essentially not reflected in the photon echo-peak shift data that allows 
direct analysis of the experimental results. The echo-peak shift, observed in this system, 
perfectly follows the correlation function derived independently in the two-pulse photon echo 
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Modern experimental and theoretical investigations reveal that there is an apparent 
separation of time scales in the dephasing dynamics of the OH-stretching vibrational mode of 
water molecules in liquid phase [1-13]. Two major timescales are distinguished in most 
studies. In Chapter 4 we focused our attention on the early-time dynamics. We have shown 
that these dynamics occur on the timescale of about 125 fs and are related to the interaction of 
the vibrational mode with low frequency molecular motions, such as librations, hydrogen 
bond oscillations and hindered molecular translations. Combining our results with literature 
data, in particular on MD simulations of water [11,14-16], we concluded that the fast time 
scale can be assigned to the frequency fluctuations determined by the coupling of the 
OH-stretching vibrational mode to the low frequency molecular motions such as molecular 
collisions, hydrogen bond oscillations and librations. The analysis of our experimental data 
and computer simulations revealed that the two-pulse photon echo technique employed in this 
study is not particularly sensitive to the longer time dynamics. Thus, we have only been able 
to estimate the characteristic timescale of the long-time dephasing dynamics. The data analysis 
yielded values of 0.7 to 1 ps for the time constant of the slow part of the frequency fluctuation 
correlation function. 
The existence of a slow component with such a characteristic time was first shown by 
Gale et al.  in the hole burning experiments on the OH-stretching absorption spectrum of HDO 
in heavy water [5].  The frequency fluctuation correlation decay time was estimated to be 
about 700 fs. In that study infrared (IR) pulses of 150 fs duration and 65 cm-1 spectral width 
were employed. The transient spectra were measured for different positions of the pump pulse 
spectrum and the spectral dynamics were expressed and analyzed in terms of the first moment 
of the pump-probe spectrum. The timescale observed was related to the fluctuations of the 
hydrogen bond length. Later the authors performed a more thorough study of transient 
absorption on liquid water using similar experimental techniques [3]. In that investigation the 
ultrafast dynamics of the transient IR spectrum were described using a version of the 
Lippincott-Schroeder model for hydrogen-bonded OH….O systems, which provides a 
description of the anharmonic interaction between the OH-stretching mode and the hydrogen 
bond. The fit of the experimental data to the model yielded a time constant of 950 fs for the 
frequency fluctuation correlation function. The best fit to the experimental data was achieved 
if fast dynamics at a 170 fs timescale was included in the model. The former value was 
interpreted in the same manner as in the previous work: to result from the diffusive dynamics 
of the hydrogen bond length. The latter one was related to the fast response of the hydrogen 
bond to the excitation of the OH-stretching mode as a local effect involving only a few water 
molecules. 
In another study performed by Woutersen and Bakker the results of an IR two-color 
pump-probe experiment on the OH-stretch vibration of HDO molecules in heavy water were 
interpreted using a model, which comprises the dynamic Stokes shift. The time constant of the 
corresponding dynamics was found to be about 500 fs [17]. The time-resolved pump-probe 
signals with spectra of pump and probe pulses positioned consecutively on the blue and red 
sides of the absorption spectrum of the chromophore were measured in this study. When the 
spectrum of the pump pulse was tuned to the high-frequency wing of the chromophore 
absorption line, and the probe was set at the low frequency side, the pump-probe signal 
emerged with noticeable delay in comparison with the case when the spectra of the pump and 
probe pulses were positioned in the opposite way. Such behavior of the pump-probe signals 
was interpreted as an evidence for the existence of Stokes shift. However, our experimental 
results do not confirm these conclusions. We have carried out frequency-resolved pump-probe 
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measurements with broadband IR pulses of 70 fs duration on the spectrum of the OH-stretch 
vibration of HDO in heavy water (see Chapter 6). In this experiment, no Stokes shift was 
observed. The numerical simulations of the experimental data presented in Chapter 6 
demonstrate that the experimental results given in Ref.[17] can be perfectly reproduced 
without the necessity of introducing a Stokes shift. The initial behavior of the pump-probe 
signals interpreted in Ref.[17] as evidence for the existence of the Stokes shift is likely to be 
related to the interaction of different components of the pump-probe signal in the pulse 
overlap interval. 
Ultrafast Raman-induced optical Kerr effect (OKE) spectroscopy allows measurements of 
liquid state dynamics on low frequency, so-called collision induced parts of the Raman 
spectrum and, therefore, probes the diffusional molecular dynamics. It has been shown that 
such dynamics may largely be reflected in frequency fluctuation correlation functions of 
vibrational modes and electronic transitions [18-22]. The OKE experiments on liquid water 
demonstrated double exponential decay of the Kerr-response signal on longer time scale after 
initial fast dephasing is completed [19]. The slower time constant has a value of about 2.5 ps. 
It was attributed to a rotational diffusion of water molecules. The latter value is also in good 
agreement with the rotational anisotropy decay constant measured on the OH-stretching 
vibrational mode [23]. The faster component has a characteristic time of the order of 0.9 ps 
that was ascribed to overdamped restricted translational modes in hydrogen bonded network 
[19]. 
The ultrafast dynamics of water have also been studied by employing indirect methods in 
which a different molecule, placed in a liquid, serves as a probe for investigation of the 
solvent dynamics. Femtosecond fluorescence up-conversion studies of coumarin-343 
dissolved in water demonstrated an initial very fast gaussian component with subsequent bi-
exponential decay of the solvation correlation function [7]. The initial fast decay in that 
experiment may be related to the intramolecular relaxation processes of the probe molecule, 
while the subsequent exponential components having characteristic times of 126 and 880 fs 
reflect the solvent dynamics. The latter numbers match well the results of our direct probing of 
water dynamics using the heterodyne-detected two-pulse photon echo technique (Chapter 4). 
An indirect study of ultrafast water dynamics using as a probe the azide ion dissolved in 
water was also performed by employing the femtosecond IR three-pulse photon echo 
technique [24]. Analysis of the experimental data revealed a component in the correlation 
function with a characteristic time of 1.3 ps. Performing MD simulations the authors 
concluded that this timescale is related to the lifetime of the hydrogen bond [25].  
In light of the above comments, the making and breaking dynamics of hydrogen bonds is 
likely to have a direct influence on the dephasing dynamics of the OH-stretch vibration of 
water molecules. The average lifetime of the hydrogen bond was estimated to have a value in 
the range of 150 fs to 2 ps in MD simulations [8,11,15,16,26,27] and depolarized Raleigh 
scattering experiments [28]. Such substantial dispersion in the estimation of the value of the 
hydrogen-bond lifetime in the MD simulations is partially related to the details of the 
simulation procedure [2] but is mostly due to the absence of a strict definition for the state of 
the hydrogen bond whether it is intact or broken. For example, two types of lifetime can be 
distinguished. The first type is related to the probability that a pair of water molecules 
hydrogen bonded at time zero is still bonded at time t regardless of whether the bond was 
broken and created again in the meantime. In the second type only those hydrogen bonds, 
which were intact for the whole time period, are counted. 
Several attempts to perform direct computer simulations of the water response to 
vibrational excitation were performed. In theoretical work by Diraison et al. [29], which 
preceded an experimental study by Gale et al. [5], a mixed quantum-classical method of 
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simulations was applied, where the translations and rotations of the molecules were treated 
classically, while the vibrations were simulated using a quantum-mechanical approach. In that 
study the time correlation function was found to be approximately biexponential with a slower 
decay time in the order of 0.8 ps. In a recent series of papers by Lawrence et al. a similar 
semi-classical approach has been applied to perform MD simulations of microscopic dynamics 
measured in nonlinear IR spectroscopic experiments on water [1,8,9,30-32]. The authors 
modeled the solution of HDO in heavy water focusing attention on the OH-stretch vibration, 
as is the case of most experimental studies. As in the work of Diraison et al. [29] as well as 
Rey and Hynes [11,33] the classical treatment was employed for the rotational and 
translational degrees of freedom, while the molecular vibrations were treated quantum-
mechanically. A wide range of experimental observables was simulated in this series of 
papers, starting from the vibration population lifetime, line shapes, Stokes shift, and rotational 
dynamics and finishing on the results of two- and three-pulse photon echo experiments. What 
links these studies is the transition frequency fluctuation correlation function. The form of the 
correlation function, derived by Lawrence and Skinner, can also be approximately represented 
with a biexponential function with a characteristic decay time of 40 and 500 fs for the fast and 
slow components respectively.  Those values are in good agreement with the results of 
Diraison et al. [29].  
It has been demonstrated that measurements of the stimulated echo-peak shift (EPS) can 
provide direct information about the frequency fluctuation correlation function [34-37]. 
Moreover, EPS is particularly sensitive to the slow part of the correlation function [38]. 
However, the first EPS experiments on the OH-stretch vibration of HDO in D2O revealed 
unexpected results [39]. The peak shift exhibited a rapid decay only in the initial 500 fs time 
interval. Its later behavior was strongly dependent on the position of the excitation spectrum. 
When the laser spectrum was shifted to lower frequencies with respect to the absorption 
spectrum of the chromophore, the EPS showed a rise, reaching its maximum at 2 ps and 
decaying subsequently to a certain offset value. If the excitation spectrum was centered at the 
peak of the absorption line, the rise in the EPS was substantially weaker. It completely 
disappeared when the spectrum was positioned at the blue wing of the absorption line. This 
unusual behavior of the EPS was also accompanied by a peculiar transient grating (TG) signal. 
The latter decayed monoexponentially only up to about 2 ps delay time remaining later at a 
constant offset for the whole experimentally achievable region. In that study an extended level 
scheme for the relaxation of vibrational energy in this system was suggested in order to 
explain the behavior of EPS and TG signals. It was taken into account that the energy, 
absorbed by the chromophore and dissipated in to the sample after relaxation, raised the 
effective temperature around the probe molecule, leading to the shift of the chromophore 
absorption spectrum. This means that the energy from the excited state does not relax directly 
to the ground state but to a different energy level. The complete cooling of this “hot” ground 
state occurs on a microsecond timescale, which is substantially longer than the experimental 
time window [40]. It was also essential for simulation of the experimental data to assume that 
during relaxation to the “hot” ground state the phase memory is not conserved.  
The main conclusion that the authors of Ref.[39] make by applying this theory to analyze 
their experimental data, is that the frequency fluctuation correlation function must have a 
component with a characteristic timescale in the order of 5-15 ps, apart from the widely 
accepted fast initial dynamics (expressed in this study as homogeneous broadening) and a 
component having a 700 fs correlation time. 
The existence of such slow dynamics in water is questionable. Recent molecular 
dynamics simulations as well as experimental studies led to the conclusion that the slowest 
dynamics in water, which can lead to the dephasing of molecular vibrations, have a timescale 
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in the order of 0.7-1 ps [4,5,8,11,29,32]. Moreover, it is well known from the measurements of 
rotational anisotropy [23] and data on the optical Kerr-response [19] that single molecule 
reorientation in water occurs on a timescale of the order of 2.5-3 ps. This probably marks the 
upper time limit for water dephasing dynamics. The phase coherence is unlikely to survive at 
longer timescales. Another aspect of interest in Ref.[39] concerns the value of the thermal 
blue-shift of the chromophore spectrum required to describe the experimental data: ~20 cm-1. 
This value of the spectral shift corresponds to a temperature rise in the sample of 
approximately 30 K [41-46]. However, as we have shown in Chapter 5, the temperature rise 
does not exceed 1 K. Moreover, the thermal effects involve not only the chromophore but also 
the solvent response. 
In contrast to the previous study, where the thermal effect was presented as a dominating 
feature in the EPS data, more recent measurements with improved time-resolution have not 
clearly shown this phenomenon  [47]. In the latter study, the underdamped oscillation of the 
hydrogen bond was observed at the short time followed by longer dynamics with a 1.2 ps 
timescale. 
In this Chapter we present a study of the ultrafast dynamics in liquid water using the EPS 
technique. In order to extract information about the dephasing dynamics from the photon echo 
experimental data we used analysis of thermal effects, which accompany the nonlinear 
spectroscopic experiments in liquid water, presented in Chapter 5. Examining our 
experimental EPS data according to the model developed we derive the time constant for the 
slow part of the frequency fluctuation correlation function. Data analysis yielded a value of 
700 fs for this parameter, which is in perfect agreement with our findings from the heterodyne 
detected photon echo experiments and with literature data. The physical basis of this timescale 
is discussed. We also present the result of an EPS experiment concerned with the 
OH-stretching mode of HDO molecules dissolved in acetonitrile. In this system, the thermal 
effects are essentially not reflected in the EPS data. That allows direct analysis of the 
experimental results. The EPS observed in this system follows perfectly the correlation 
function derived independently in the two-pulse photon echo experiment presented in Chapter 
4. Thus the results presented, fully corroborate the model for the dephasing dynamics of liquid 
water, which links the fast part of the correlation function of the vibrational mode to the low 






A detailed description of the experimental setup used in this study as well as the method 
of signal detection was given in Chapter 5 (Fig.5.1). 
The EPS experiments were carried out according to the procedure described in Ref.[48]. 
The principle of the EPS measurement is illustrated in Fig.7.1. If the first pulse (E1) is scanned 
we obtain in the direction k3+k2-k1 the integrated echo for constant time t23, while in the 
adjacent direction k3+k1-k2 the integrated echo for fixed delay t13 is measured. When the 
second pulse (E2) is scanned, the reversed situation is obtained: in the direction k3+k2-k1 the 
integrated echo signal for constant delay t13 is measured and the signal detected in the 
direction k3+k1-k2 delay t23 is fixed. In this way we obtained the EPS for two situations: those 
defined by the delay t23 or t13  being constant as half the distance between the maxima of 
corresponding integrated echo signals. The uncertainty in finding the EPS did not exceed 2 fs 
over the whole experimental range. 
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The sample used in these experiments was a 0.6 M solution of HDO in heavy water at 
room temperature. The optical density at the peak of the OH-stretching absorption line was 
about 0.6. The solution was pumped through a sapphire nozzle to form a 100 µm thick free-
standing jet, which was positioned in the crossing of the laser beams. Using the free-standing 
jet instead of a conventional sample cell allows one to avoid the effects related to the presence 




Fig.7.1. The principle of the echo-peak shift measurement. The signals detected in the direction 
k3+k2-k1 and k3+k1-k2 have their peaks in the right and left panels of the plot (a), respectively. The 
solid lines depict the case when the first pulse is scanned and the photon echoes for fixed delays t23 
(situation shown in the figure (b)) and t13 (situation shown in the figure (c)) are detected in the 
direction k3+k1-k2  and k3+k2-k1 respectively. Dashed lines demonstrate the “mirror” situation, when 
the second pulse is scanned. 
 
 
7.3 Experimental results  
 
The experimental EPS data for three positions of the excitation pulse spectrum (in relation 
to the absorption line of the chromophore) are shown in Fig.7.2. The corresponding excitation 
spectra along with the absorption line of the OH-stretch vibration of HDO molecules in heavy 
water are depicted in the insets as a shaded contour and a dashed line respectively. The results 
of our measurements agree quite well with the data reported in Ref.[39].  
From the data it is apparent that the EPS in water exhibits different behavior depending 
on whether delay t23 or t13 remains constant throughout the scan. It has higher values when 
delay t13 is constant than for the case when the delay t23 is fixed. As we have shown in the 
theoretical simulations presented in Chapter 3, this effect is related to the fast population 
relaxation time in this system. The EPS decays rapidly during the first 500 fs for any position 
of the excitation spectrum, showing further strong spectral dependence. In the case of the 
excitation spectrum being positioned at the red wing of the absorption line (Fig.7.2a, circles), 
it rises again after 1 ps, reaching its maximum at about 2 ps, and decaying further to zero. In 
the case of a blue-shifted excitation spectrum (Fig.7.2c, squares)  the EPS drops to -5 fs within  
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Fig.7.2. Experimental three-pulse photon echo-peak shift data (symbols) and the theoretical simulations 
(lines) for the fixed delays t13 (open symbols) and t23 (solid symbols).  The plots from top to the bottom 
correspond to excitation spectrums positioned at 3250, 3400 and 3550 cm-1 respectively. The excitation 
spectra are shown along with the absorption spectrum of the OH-stretch vibration of HDO molecules in 
D2O in the inset.  
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1.5 ps staying practically constant for the remainder of the experimentally achievable region. 
In the situation where the laser spectrum is centered on the absorption line the EPS exhibits 
intermediate behavior (Fig.7.2b, triangles).  
Such EPS behavior cannot be explained straightforwardly neither in the framework of the 
theoretical formalism presented in Chapter 3 nor with existing theories describing the 
microscopic molecular dynamics of water. Stenger et al. suggested that this singular EPS is 
related to the thermal shift of the chromophore spectrum caused by the temperature rise in the 
sample [39]. The latter is due to absorption of the excitation pulse energy. However, as 
pointed out in the introduction to this Chapter, the temperature shift used by these authors in 
order to describe the experimental data is unreasonably high for these experimental conditions. 
We have performed a thorough investigation of the thermal effects that take place in this 
system through nonlinear IR spectroscopic experiments using techniques such as heterodyne-
detected transient grating, pump-probe, linear absorption spectroscopy and measurements of 
signal concentration dependencies. The reader can find a detailed description of these 
experiments in Chapter 5. Our study revealed that the thermal effect is more complex than 
assumed in Ref.[39] and involves not only the chromophore but also the solvent response. 
Moreover, in the transient grating type experiment the contribution originating from the 
solvent dominates. The mechanism of formation of the thermal grating is the following. After 
the population relaxation is completed the energy released by the chromophore and the solvent 
raises the temperature in the sample thereby forming a spatial grating of elevated temperature. 
The temperature shift leads to a change in the shape of the absorption band and, consequently, 
the refractive index. The latter is a result of the high sensitivity of the spectrum of liquid water 
to temperature. The thermal effect can be separated into three main contributions: the 
chromophore response, a signal due to direct energy absorption by the solvent, and indirect 
heating of the sample volume after energy relaxation from the excited OH-stretching mode. 
The last contribution consists of two parts: the response of D2O and the response of HDO 
molecules, which have not been excited by the pump pulses. On the basis of our experimental 
data we have extended the theory for the description of nonlinear spectroscopic experiments, 
which comprises the thermal effects and, therefore, allows simulation of experimental data, 
where the thermal contribution is significant. This theory is presented in Chapter 5 along with 
several examples of the experimental data simulations illustrating the model. 
 
 
7.4 Numerical simulations and discussion 
 
Having the complete concept of the thermal effect and a theoretical formalism, which 
allows description of the experimental results, we can apply this knowledge to extract 
information about the system dynamics from the EPS data. 
We used a procedure analogous to the one applied in Chapter 4 to simulate experimental 
data and model the results of time-resolved two-pulse photon echo experiments. The EPS, 
transient grating, time-resolved photon echo signals and the linear absorption spectrum 
measured in equivalent experimental conditions were simulated simultaneously in a global fit 
procedure according to the theory expounded in Chapter 3. Modifications and additions to 
account for the thermal effects, as presented in Chapter 5, were included. The expression for 
the total third order polarization, including the thermal effects used in these simulations, is 
presented in Eq.5.22. The parameters related to the thermal effects, i.e. the magnitudes of the 
thermal signals, their dynamics and phase relations were adjusted according to the 
experimental data presented in Chapter 5. 
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In these calculations, the finite pulse duration is explicitly taken into account. We used the 
actual experimental pulse characteristics in the corresponding simulations. The spectrum of 
the pulse was taken as measured in each experiment and its phase was modeled according to 
the earlier pulse characterizations by means of the frequency resolved pump-probe technique 
(see Chapter 2). The use of real pulse characteristics appeared to be very important for the 
adequate description of the experimental data. 
We applied  the stochastic model for nuclear dynamics with a bi-exponential frequency 
fluctuation correlation function of the following form:  
 
 )exp()exp()0()()( 22 ttttC slowslowfastfast Λ−∆+Λ−∆== δωδω , (7.1) 
 
that is analogous to the one used in Chapter 4. The reason for using a bi-exponential 
correlation function has been discussed in Chapter 4, while the absence of the significant 
Stokes shift and hence the adequacy of the stochastic model is shown in Chapter 6. 
As we discussed in Chapter 4, the absorption spectrum of the OH-stretch vibration of 
HDO molecules dissolved in D2O can be separated into two sub-bands corresponding to 
hydrogen-bonded and non-hydrogen-bonded OH-oscillators. Thus, in the rigorous simulations 
both spectral bands should be considered. However, the corresponding difference in the 
molecular dynamics of the two types of OH-oscillators is expected to be bounded mostly to 
the fast timescale. The slower process is likely to be related to the dynamics of the making and 
breaking of hydrogen bonds (vide infra). Therefore, the slow dynamics is inherent and 
identical to both types of OH-oscillators. The EPS method is not particularly sensitive to the 
dynamics, which occur on a timescale comparable with the duration of the probing pulses 
[48]. The duration of the IR pulses employed in this experiment is on the order of 70 fs while 
the fastest dynamics are as fast as 125 fs. Moreover, the contribution of the non-hydrogen-
bonded oscillators is an order of magnitude smaller, while the experimental data are 
substantially complicated by the thermal effects. Therefore, the difference between hydrogen-
bonded and non-hydrogen-bonded OH-oscillators is not expected to be resolved in EPS 
experiment. Taking into account these arguments, we did not partition the absorption spectrum 
into the sub-bands in the simulations presented in this Chapter. We assume that only the 
molecular dynamics of the hydrogen-bonded OH-oscillators is probed in our experiments. 
A special computer algorithm was designed to carry out the global fit to the experimental 
data. Integrations according to Eqs.5.15-5.16 (see Chapter 5) were performed using the Gauss-
Legendre method. The Levenberg-Marquardt algorithm was employed for the least square fit 
of the simulated data onto the experimental results [49]. Distributed computing, which 
employed up to ten PC’s was, used in order to speed up the calculations.  The typical time 
required to fit a single data set was in the order of 3 hours. 
The parameter for the characteristic time of the fast component of the correlation function 
was fixed in the simulations at a value of 125 fs. This value was derived from the analysis of 
heterodyne-detected two-pulse photon echo data (see Chapter 4). The following parameters of 
the frequency fluctuation correlation function were obtained from the simulations: 1/Λfast ≅ 
125 fs (fixed), ∆fast ≅ 90 cm-1, 1/Λslow ≅ 700±100 fs, ∆slow ≅ 65 cm-1. These results are in very 
good agreement with our findings from the heterodyne-detected two-pulse photon echo 
experiments. Essentially, only the mutual amplitudes of the corresponding components of the 
correlation function are refined in the EPS analysis. The quality of the fit is demonstrated in 
Fig.7.2, where the results of the simulations are depicted as lines while the experimental data 




Our experiments and numerical simulations are in accordance with the conclusion of 
Ref.[39] that the EPS in this system does not reflect directly the frequency fluctuation 
correlation function. The EPS in water is largely determined by thermal effects related to the 
sensitivity of the absorption spectrum of the chromophore and the solvent to temperature, 
which is changed upon absorption of the IR laser pulses. The rise around 2 ps delay of the EPS 
measured with a “red shifted” excitation spectrum and its rapid fall to negative values for a 
“blue shifted” one (see Fig.7.2) are governed by the behavior of the phase of different signal 
components as function of the delay t12. In order to clarify the mechanism determining such 
behavior, we shall examine the amplitudes of  the time resolved echo signals for delays t12 = -
50, 0 and 50 fs  for two positions of the excitation pulse spectrum: “red shifted” having a 
central frequency at ~3230 cm-1 (Fig.7.3a) and “blue shifted” centered at ~3550 cm-1 
(Fig.7.3b). These data are derived from the experimental heterodyne-detected signals applying 
a Fourier bandpass filter to remove the carrier frequency. The delay between pulses 2 and 3 is 































Fig.7.3. Time-resolved photon echo signals for a delay t12 = -50, 0, 50 fs and the delay t23 = 2.5 ps. 
The panel (a) represents the case when the excitation pulse spectrum is positioned at  ~3230 cm-1 
(red shifted with respect to the chromophore absorption line) while the right panel (b) shows the data 
where the excitation pulse spectrum is centered at  ~3550 cm-1 (blue shifted with respect to the 
chromophore absorption line). The solid lines represent our numerical simulations obtained from the 
model described in the text. The scaled time-resolved signals measured at a delay t23 = 0.5 and 7 ps 
are shown as dashed and dotted lines, respectively. 
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chromophore response and the thermal contributions of the solvent become approximately 
equal. The dashed and dotted lines in the plot illustrate two components of the total signal: the 
chromophore response (dashed lines) and the thermal contribution (dotted lines). The pure 
chromophore response is represented by the signals measured at a delay t23=500 fs, where 
thermal effects are negligible. The thermal contribution originating from the solvent is 
obtained at a delay of 7 ps, when this response dominates. These two signals are scaled 
according to the results of the experimental data analysis presented in Chapter 5. 
For the “red shifted” excitation spectrum (Fig.7.3a), destructive interference between the 
chromophore response and the solvent thermal signal is observed, since the phase shift 
between them is approaching the value of π (see Chapter 5, Fig.5.7a for details). In the case of 
the “blue shifted” excitation spectrum, the relative phase of the interfering signals is changed 
and the opposite situation – where constructive interference takes place, i.e. the phase 
difference approaches zero (Chapter 5, Fig.5.7b). As one can see from Fig.7.3, the signals 
corresponding to the different positions of the excitation spectrum, also have different 
behavior as a function of the delay t12. In the situation where the excitation spectrum is “red 
shifted” (Fig.7.3a) destructive interference between the chromophore response and the solvent 
thermal signal at negative delays is changed to a somewhat less destructive interference at 
positive delays, i.e. the phase difference between these signals is decreased when going from 
negative to positive delays. Accordingly, the integrated amplitude of the total signal is larger 
at positive delays than at negative ones and the integrated echo maximum is shifted to positive 
values. However, when the excitation spectrum is positioned at the high frequency wing of the 
chromophore absorption band, the situation is opposite (Fig.7.3b). The signal has a larger 
amplitude for the negative delays, due to a more constructive interference between the 
chromophore response and the thermal signal and, therefore, negative EPS is observed. The 
solid lines in Fig.7.3 depict the results of the simulations of the experimental data according to 
the model presented in Chapter 5. 
Such interference of the signal components is obviously determined by the difference of 
their phase behavior as a function of the delay t12. As we have shown in Chapter 5, the total 
response of the system can be divided into two main contributions: the chromophore response, 
and the signal, which comes form the solvent. The latter also consists of two parts: the signal 
from the direct absorption of D2O and the component originating from indirect heating of the 
sample by energy released from the chromophore and the solvent. The phase of the signal 
originating from the direct absorption of D2O does not depend on the delay t12 (see Eq.5.20), 
while the phase of the other component changes in this time coordinate (Eqs.5.15-5.19). 
Therefore, the total phase of the instantaneous solvent response, where the component related 
to the direct absorption of D2O has a significant contribution, will vary with changes in the 
delay t12 less than the phase of the chromophore response. As a result, the interference of the 
solvent and the chromophore responses depends on the delay t12. This effect largely determines 
the behavior of EPS. Moreover, the larger the contribution of the direct absorption of the 
solvent corresponds to the greater the difference in the behavior of the phase of the 
chromophore response and the solvent thermal contribution with the change of the delay t12. 
This is illustrated in Fig.7.4, where the EPS simulated with different thermal contributions is 
shown. The case of the “red shifted” laser spectrum is considered here as the most illustrative 
situation due to the presence of the pronounced rise around the delay of 2 ps. In these 
calculations, we used the stochastic model for the molecular dynamics of water and a 
bi-exponential correlation function with parameters derived from the analysis of the 
experimental data as presented above. The solid line in this plot depicts the EPS calculated for 
a situation when only the direct absorption of the solvent and the chromophore response are 
taken into account. In this case the phase of the instantaneous solvent response is not changed 
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with the change of the delay t12 and, as a result, the EPS demonstrates a significantly more 
pronounced increase around the delay of 2 ps. Such a situation may be realized in an 
experiment if the thickness of the sample is increased, while the optical density of the 
chromophore absorption line stays constant. In that case the contribution of the direct 
absorption of the solvent may become dominant with respect to the response related to the 
indirect heating of the solvent by energy released from the chromophore. In such a situation 
when the direct absorption of D2O is not included and the solvent response is determined only 
by the contribution originating from the chromophore, the rise of the EPS around the delay of 
2 ps is absent (Fig.7.4, dashed line). For comparison, we also plotted in Fig.7.4 the 
experimental EPS (open circles) and simulation according to the same model of the molecular 
dynamics for the case when the thermal effects are not included (short-dashed line). The slight 
difference between the EPS simulated without the contribution of the direct absorption of D2O 
and the one calculated for the case of the absence of the thermal effects illustrates the 
magnitude of the thermal effect originating solely from the chromophore. 
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Fig.7.4. The EPS function calculated with different thermal contributions. The solid line depicts the 
result obtained if only the direct absorption of the solvent and the chromophore response are 
included. The dashed line shows the situation when the solvent response is determined only by the 
contribution originating from the heat transfer from the chromophore, i.e. the direct absorption of 
D2O is not included. The EPS simulated without the thermal effects is depicted as a short-dashed 
line. Open circles represent the experimental echo peak shift. The dotted line shows the best fit with 
the model described in the text. 
In order to illustrate the sensitivity of our model to the choice of the parameters of the 
correlation function we demonstrate EPS simulated for several different sets of parameters 
(Fig.7.5). In these calculations, the spectrum of the excitation pulses was shifted to lower 
frequencies by ~170 cm-1 with respect to the chromophore absorption line. This corresponds to 
the experiment with a “red shifted” excitation spectrum. For simulations, the parameters of the 
thermal response were thus taken according to experimental data obtained for the 
corresponding position of the excitation pulse spectrum. Only the case when the delay t23 
remains constant in the scan is considered here. The open circles in Fig.7.5a-c depict the 
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experimental EPS, while the lines represent the simulations for three different correlation 
functions of the following general form 
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Fig.7.5. Numerical simulations of EPS with different models of the molecular dynamics. The open 
circles represent the experimental data for the case of a “red shifted” excitation spectrum. The solid 
lines are the simulation with the stochastic model and thermal effects included. The dashed lines 
represent the result of the simulations with the same model without thermal effects. For the plots 
from (a) to (c) the following correlation functions were used: a biexponential correlation function 
with parameters: ∆1=90 cm-1, 1/Λ1=125 fs, ∆2=65 cm-1, 1/Λ2=740 fs, a  monoexponential 
correlation function with ∆1=117 cm-1, 1/Λ1=125 fs and a three-exponential correlation functions 
having parameters as suggested in Ref.[2]: ∆1=90 cm-1, 1/Λ1=50 fs; ∆2=54 cm-1, 1/Λ2=700 fs,; 
∆3=38 cm-1, 1/Λ2=15 ps. 
 








For comparison, simulations with and without thermal effects are shown here by solid and 
dashed lines, respectively.  
Figure 7.5a represents our best fit to the experimental data, with a biexponential 
correlation function having the following parameters: 1/Λ1=125 fs, ∆1=90 cm-1, 1/Λ2=740 fs, 
∆1=65 cm-1. In the absence of thermal effects, the EPS would decay to negative values within 
1 ps, and remain constant thereafter. The negative values at large delays are due to the short 
population lifetime of the corresponding vibrational mode (see Chapter 3 for details). 
In Fig.7.5b the result of simulations with a mono-exponential correlation function, having 
a time constant of 130 fs, is shown. This model comprises only the “fast” part of the bi-
exponential correlation function, employed above. In the absence of a thermal contribution, 
the EPS decays almost instantly to negative values. However, in the case of the thermal effects 
included, the EPS starts rising again after ~1 ps, rising to a maximum at ~ 2.5 ps and thereafter 
decaying to almost zero. This additional rise of the EPS is related to the interaction between 
thermal contributions, which emerges following the process of the population relaxation and 
heat transfer. The substantial difference between the EPS, simulated according to this model, 
and the experimental data illustrates the fact that an additional slow component is indeed 
essential for a correct description of the experimental data. 
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The model for microscopic dynamics, suggested in Ref.[39], is tested in the simulation 
shown in Fig.7.5c. Due to the presence of a term with a relatively long correlation time (15 ps) 
the increase in the EPS is substantially larger than that observed in our experiment. Obviously, 
this model is inconsistent with our experimental data. 
  
 
7.5 Study of water dephasing dynamics in acetonitrile solution 
 
In Chapter 4 we presented heterodyne-detected and time-integrated two-pulse photon-
echo experiments on HDO molecules dissolved in acetonitrile. The goal of that study was to 
show that the connection between the correlation function and the spectral density of the 
anisotropic Raman polarizability of the OH-stretching mode of H2O molecules in liquid phase 
is not a pure coincidence. In the acetonitrile solution, where the concentration of water is low, 
the water molecules are well separated from each other and interact only with the solvent. The 
dephasing dynamics of water in such a solution is substantially different from that of pure 
water because it is mostly determined by the solvent. However, the general idea that the low 
frequency molecular motions of the solvent, reflected in the Raman spectrum, govern the 
fastest timescale of the vibrational dephasing dynamics should also hold in that case. The 
analysis of experimental data provided strong evidence for this theory. The results of the 
integrated and time-resolved two-pulse photon echo experiments, as well as the linear 
absorption spectrum, could be consistently described when a bimodal frequency fluctuation 
correlation function was used, with the fast part calculated from the low frequency Raman 
spectrum of acetonitrile and the exponential slow part. Thus, we have presented further 
evidence that for water molecules in the liquid phase the solvent motions, that are reflected in 
the anisotropic Raman polarizability, can largely determine the dynamics of high frequency 
vibrational modes. 
The time constant of the slow exponential part of the correlation function was found to be 
of the order of 3±0.5 ps. We suggested that the slower timescale reflects the reorientational 
motions of water molecules in  the liquid acetonitrile matrix, since the time constant of those 
dynamics is very close to the orientational anisotropy constant for HDO molecules in 
acetonitrile (see Chapter 8). 
The EPS experiment provides an independent way to verify these conclusions. In a low 
concentration solution of HDO molecules in acetonitrile the thermal effects related to the 
solvent are practically absent. The acetonitrile spectrum does not show such significant 
temperature dependence as the spectrum of water, while the relative concentration of D2O 
molecules in this solution is almost two orders of magnitude lower than in pure water. Apart 
from that, the population lifetime of the OH-stretch vibration of isolated HDO molecules in 
acetonitrile exceeds by more than an order of magnitude the population lifetime of this 
vibrational mode in a heavy water solution (see Chapter 8 for more details). Therefore, release 
of the energy from the exited vibration will occur on a timescale, which is considerably longer 
than the timescale of the dephasing dynamics. Thus, the thermal effects will not contribute to 
the photon echo data significantly and the EPS for this system can be interpreted in a 
straightforward manner. 
We have performed the EPS experiment on the OH-stretching vibrational mode of HDO 
molecules dissolved in acetonitrile. For this experiment the sample was prepared in a manner 
analogous to that of the two-pulse photon echo measurements, presented in Chapter 4. 
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The experimental EPS is shown as open circles in Fig.7.6 along with the frequency 
fluctuation correlation function derived in Chapter 4. The correspondence between the 
correlation function obtained in an independent study and the experimental EPS is perfect. 
This experiment confirms the validity of the model for the microscopic dynamics of water 
molecules in the liquid phase presented in this Chapter and in Chapter 4.  



























Fig.7.6. The correlation function for the OH-stretching mode of HDO molecules dissolved in 
acetonitrile derived from a two-pulse photon echo experiment (solid line) and the experimental echo 
peak shift for this system (open circles). 
 
 
7.6 Discussion and comparison with other work 
 
The frequency evolution of a particular vibrational mode or an optical transition is 
determined by constantly changing interactions with surrounding molecules (solvent). As the 
time evolves, the frequency of the probed transition will fluctuate reflecting the solvent 
dynamics. Thus, the frequency fluctuation correlation function (see Chapter 3, Eq.3.17), which 
we derive analyzing the photon echo experiments, is directly related to certain structural 
fluctuations occurring in the liquid [50]. However, data obtained in the optical experiments, 
presented in this thesis, do not provide sufficient information to establish the origin of these 
fluctuations. The conclusion drawn from other experimental studies, as well as from 
theoretical simulations, can provide the information necessary to identify these processes and 
formulate a theoretical basis for the experimental correlation function and corresponding 
timescales. 
In the last decades, molecular dynamics (MD) simulations have become a powerful tool 
for studying intermolecular interactions on a microscopic level. The processes studied by the 
methods of ultrafast spectroscopy can nowadays be simulated using computer techniques. 
Although the outcome of the computer simulations is yet rather strongly dependent on the 
method and parameters used [2], this technique provides a complex insight into the 
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microscopic molecular dynamics and, therefore, can form a theoretical benchmark for the 
experimental results. Thus, comparison of experimental results with the data of MD 
simulations can provide the necessary ground to establish the physical nature of an 
experimental observable. Recently, in a series of publications the issue of comparison of MD 
simulations and experimental results of ultrafast spectroscopic experiments was addressed 
[1,8,9,11,29-32,51]. We review here the main subjects, discussed in these publications that are 
relevant to our studies. First of all, the MD simulations allow verification of the validity of 
theoretical concepts that are used in the analysis and interpretation of experimental results. 
Specifically, the validity of the second-cumulant approximation (see Ref.[50] for details) can 
be tested. Another important issue is the timescales of the water dynamics and, in particular, 
the form of the frequency fluctuation correlation function of the probed vibrational mode. The 
last topic is closely related to the very important subject that the MD simulations can shed 
light on: the physical nature of the processes determining the spectral dynamics of the probed 
vibrational transition.  
The validity of the second-cumulant approximation has been analyzed in a series of 
papers by Skinner et al. [1,31,32]. It has been shown in these publications that even though for 
the OH-stretching mode of water molecules the frequency fluctuations character deviate from 
Gaussian, the second-cumulant approximation works well in the case of three-pulse photon 
echo data [31] and is relatively adequate for the case of the two-pulse photon echo and the 
linear absorption spectrum [1,32]. Thus, the experimental approaches presented in this thesis, 
which provide the frequency fluctuation correlation function, are proven to be sufficient. 
Currently, in most experimental and theoretical studies (including experimental results 
presented in this thesis) the frequency fluctuation correlation function is considered to have a 
bimodal character with timescales of the fast and slow components in the range of 30-170 fs 
and 0.5-1.5 ps, respectively, and a contribution of the fast component in the range of 50-60% 
[3,8,9,12,13,24,29]. In recent MD simulations [8,9,11,51] and an experimental study, 
employing the photon echo technique [47], the oscillations in the fast component of the 
correlation function, with a period of about 170 fs, were observed (Fig.1 in Ref.[9], Fig.17 in 
Ref.[51]). Moller et al. [51] describing the theoretical frequency fluctuation correlation 
function obtained in MD simulations, used a three-component function with an exponentially 
decaying cosine component to express the initial fast decay and oscillations and two 
exponential functions for the slower dynamics. In such representation, the timescale of the fast 
component is of the order of 70-80 fs, while the slower ones have decay times of 100-120 fs 
and about 1 ps. 
While the timescale of the slow dynamics obtained in our study perfectly matches the data 
of MD simulations, the timescale of the fast dynamics as well as the form of the fast 
component of the correlation function are not fully consistent. The computer simulations 
predict the timescale of the fast dynamics to be in the range of 30-80 fs, while the analysis of 
our experimental data yields 130±30 fs. Moreover, the oscillatory behavior of the correlation 
function, which is assumed to reflect underdamped oscillations of the hydrogen bond [11,51] 
or in the other interpretation - hindered translations (hydrogen-bond stretching) of the HOD 
and a D2O molecules [9], are greatly emphasized in MD simulations. The discrepancy 
between the correlation function obtained in the MD simulations and our experimental 
correlation function can be represented as a difference in corresponding spectral densities of 
the low-frequency bath modes, coupled to the studied vibrational transition. In MD 
simulations the relative contributions of the peak related to the oscillations of the hydrogen 
bond and especially the band ascribed to the librational motion of water molecules are 
substantially enhanced in comparison with the low-frequency band, which is usually attributed 
to molecular translations and collisions. In such a situation, additional experimental data could 
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be used to evaluate the validity of the results. The relatively low contribution of molecular 
librations to the dynamics of the OH(OD)-stretching mode can be assessed from the behavior 
of the reorientational anisotropy function of this vibrational transition. It has been shown in 
previous studies that the reorientational anisotropy of the OH-stretching mode of HDO 
molecules dissolved in D2O decays mono-exponentially [23,52,53]. Thus, no initial fast 
component, which could be ascribed to the librational molecular motion, was identified in the 
experiment. However, the fast component is present in the theoretical rotational correlation 
function derived in MD simulations [9]. Such disagreement between the experimental and 
theoretical reorientation anisotropy functions indicates that the contribution of the librational 
molecular motion that apparently determines the 30-50 fs spectral dynamics of the 
OH-stretching mode is exaggerated in MD simulations. 
The ability of a model to reproduce the linear absorption spectrum may also be used as a 
test of its consistency. The linear absorption spectrum simulated on the basis of MD results 
(adopted from Ref.[1]) is shown in Fig.7.7 as a solid line. The spectrum, simulated according 
to the model derived from our experimental data, is shown by a dashed line. In the latter case, 
we included the second peak, shifted to the lower frequencies by 175 cm-1, which is related to 
non-hydrogen-bonded water molecules (see Chapter 4 and Fig.4.1 for details). In MD 
simulations the non-hydrogen bonded OH-oscillators are included naturally, which is reflected 
in the appearance of a shoulder on the high frequency side of the spectral band (solid line in 
Fig.7.7). As one can see, the presence of fast dynamics in the data of MD simulations leads to 
a substantial motional narrowing and a noticeable deviation of the simulated spectrum from 
the experimental one due to the appearance of Lorenz-type spectral wings.  
Summarizing the discussion presented above, we can conclude that there is strong 
indication that in the MD simulations the fast timescale in water dynamics is noticeably 
exaggerated. However, we would like to point out that our heterodyne-detected two-pulse 
photon echo experiments are not expected to be particularly sensitive to the oscillating 
behavior of the correlation function. Furthermore, the time-resolution of our experiments 
(~70 fs) is very close to the limit of the reliable detection of the fast dynamics that does not 
allow accurate determination of the initial dynamics in the EPS experiment. Therefore, it is 
conceivable that the dumped oscillations of the frequency-fluctuation correlation function 
could have passed undetected missed in our data [47]. 
As we have mentioned above, results similar to MD simulations were also obtained in a 
recent EPS experiment on the OH-stretching mode of HDO molecules in D2O solution 
performed by Fecko et al [47]. In the latter experiment ~50 fs IR pulses were employed, which 
provides a better time resolution in comparison with our experiment. In this experiment, the 
oscillatory behavior of the EPS function was observed. However, the presence of thermal 
effects in the EPS was not considered in the data analysis, while as shown in this thesis, as 
well as in publications by Stenger et al. [39], thermal effects make a substantial and rather 
complex contribution to the three-pulse photon echo experiments on water and its isotopic 
mixtures. Although improved time resolution of the experiments made by Fecko et al. 
promises more reliable determination of the fast water dynamics, the omission of the thermal 
effects in the data analysis brings some uncertainty into the drawn conclusions. A consistent 
analysis  (i.e., with the thermal effects included) of the EPS [47] together with 2D IR 
spectroscopic data obtained with 50 fs time resolution will provide definitive information on 
the ultrafast water dynamics [57]. 
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The parameters of the correlation function obtained in our experiments are reasonably 
consistent with results of several other experimental studies. The characteristic time of the 
slow dynamics found in our study perfectly matches the data obtained in hole burning 
experiments on OH-stretching mode of HDO molecules dissolved in D2O [5]. This experiment 
is expected to be not particularly sensitive to the fast timescale due its limited time resolution. 
The fast relaxation process with comparable time constant was inferred from the frequency-
domain spectroscopy with THz pulses [54]. Similar results are obtained in experiments on 
indirect probing of water dynamics in which a nonaqueous molecule dissolved in water is used 
as a probe [7]. However, it is necessary to note that in such experiments the separation of the 
solute and solvent effects is not straightforward. Moreover, the probe molecule can 
substantially influence the dynamics of the surrounding solvent. In a femtosecond 
fluorescence up-conversion study of coumarin-343 dissolved in water, the solvation 
correlation function was demonstrated to have three components: an initial fast Gaussian 
component followed by a bi-exponential decay [7]. The initial fast decay in this experiment 
may be related to the intramolecular relaxation processes of the probe molecule, while the 
subsequent exponential components having characteristic decay times of 126 and 880 fs are in 
perfect agreement with the experimental results presented in this thesis. IR three-pulse 
heterodyne-detected photon echo study of dynamics of azide ion in water also yielded a 
bimodal solvation correlation function with time constants of the fast and slow components of 
80 fs and 1.3 ps respectively [24], which is also close to our experimental values.  
 
Fig.7.7. Experimental absorption spectrum of the O-H stretching vibration of the HDO molecule 
dissolved in heavy water (open circles). The dashed curve is the spectrum simulated according to the 
model described in Chapters 4 and 7. The solid line is the simulated spectrum adopted from Ref.[1]. 
Recently a method of vibrational echo correlation spectroscopy in combination with MD 
simulations has been used to study water dynamics [51]. In the latter study, the OD-stretching 
mode of HDO molecules dissolved in H2O was used as a probe for microscopic water 
dynamics. Using the OD-stretching mode instead of OH-stretching is advantageous due to its 
longer population relaxation time (~1.8 ps for OD-stretching and 0.7 ps for OH-stretching). 
The longer population lifetime extends the dynamic range of the experimental photon echo 
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data delaying effects related to the thermalization of the absorbed energy. Thus, in this case, 
the thermal effects do not contribute so significantly to the experimental data at relevant 
timescales. The frequency fluctuation correlation function was obtained in this study by 
combining the experimental data analysis and MD simulations. The fast and intermediate 
components, with decay times of 30 fs (relative contribution 43%) and 400 fs (relative 
contribution 16%) respectively, were derived from MD simulations and additional EPS 
experiments. The slowest component with characteristic time of ~1.8 ps and amplitude of 
about 40% was obtained from the analysis of dynamics of the line width of 2D correlation 
spectra. The latter component is substantially slower than the dynamics derived in our 
experiments. We assume, that the reason for this discrepancy may be related to the fact that in 
Ref.[51] the existence of the fast 30 fs component in the frequency fluctuation correlation 
function was taken by default. However, as it has been discussed above, the presence of such 
fast dynamics in water is questionable. In this case the slow component may be artificially 
slowed, balancing the fastest, 30 fs, component to provide a better fit of the model to the 
experimental data. The intermediate, 400 fs dynamics, having a relatively low amplitude 
(16%), is then a crossover that compensates for a relatively large difference in the timescales 
of the fastest and the slowest modes. Furthermore, no oscillations in the correlation function 
were observed in this experiment. 
As we have discussed above, the fast component of the correlation function (with a 
characteristic time in the order of 125 fs) is evidently related to low frequency molecular 
motions in liquid water, such as hindered diffusional translations, modes related to the 
hydrogen bond, and molecular librations. Accordingly, the spectral density of the bath 
fluctuations related to the fast part of the correlation function can be derived from the low 
frequency Raman spectrum of water [12]. The slow part of the correlation function, with a 
time constant of the order of 700 fs, is often related to the hydrogen bond lifetime and thus to 
the making and breaking dynamics of hydrogen bonds [23,24,55]. This conclusion is reached 
on the basis of the similarity of the timescales of the hydrogen bond lifetime as found in some 
MD simulations [25,27] and nonpolarized Relay scattering experiments [28]. At the same 
time, other MD simulations [14-16] predict that the lifetime of a single hydrogen bond can be 
of the order of 150 fs, which corresponds to our fastest correlation time (see discussion 
above).  
Another interpretation of the slow dynamics in water originates from the known 
correlation between hydrogen bond length and the frequency of the OH-stretching mode 
linked to this hydrogen bond. That study draws on the investigation of water in solid inorganic 
crystals [56]. Results of several hole burning experiments were also interpreted as 
manifestations of such a correlation [4,5]. Accordingly, the timescale of 700 fs, observed in 
the experimental frequency fluctuation correlation function, was related to the dynamical shift 
of the frequency of the excited OH-stretching mode, due to time evolution in the length of the 
adjacent hydrogen bond. 
Similar conclusions can be drawn by analyzing the work of Winkler et al. [19]. These 
authors showed that a 900 fs component, which appears in the nuclear Kerr-response of water, 
is likely to reflect a process identical to that found in frequency domain depolarized Raman 
scattering and attributed to the breaking of hydrogen bonds [28]. This component can also be 
associated with the slower dynamics that we observe in photon echo experiments. However, 
the temperature dependence of this contribution in the Kerr-response did not follow the 
Arrenius law, which was taken as evidence of thermally activated hydrogen bond breaking in 
frequency domain Raman scattering experiments [28]. Instead, the authors suggested that this 
component can be related to delocalized restricted translational modes in the hydrogen bond 
network. Thus, this interpretation in fact can be considered as analogous to that of Gale et al. 
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[5], where the translational modes of the hydrogen bond network are regarded as dynamics of 
the hydrogen bond length. 
In view of such controversy in the interpretation of the experimental results, theoretical 
investigations and, in particular, MD simulations can provide the insight necessary to 
elucidate the microscopic molecular dynamics of water. Recently Skinner [8] and Hynes 
[11,51] independently performed analysis of MD simulations to establish the origin of the 
processes that determine the slower timescale in the water dynamics. The analysis of MD 
simulations demonstrated that there is no direct correspondence between frequency of the OH-
stretch vibration and hydrogen bond length. This relation is substantially dispersed due to the 
distribution of the hydrogen bond angles and differences in the orientation of adjacent D2O 
molecules. Therefore, the frequency shift of the OH-stretching mode cannot be directly 
induced by the hydrogen bond length evolving in time. However, a relationship between the 
lifetime of the hydrogen bond and the slow timescale was evident. Thus, according to the 
current conception, the molecular dynamics of liquid water with the timescale of 0.5-0.9 ps, 
observed in experiments and MD simulations, can be related to the process of structural 
reorganization of the liquid resulting from making and breaking of hydrogen bonds.  
As we have shown in Chapter 4, the slow timescale in the dephasing dynamics of the 
OH-stretching mode of water molecules isolated in a liquid acetonitrile matrix is very likely to 
reflect the reorientation motion of the water molecules. From measurements of rotational 
anisotropy [23] and data of the optical Kerr-response [19] it is known that a single molecule 
reorientation in water occurs on timescale of the order of 2.5-3 ps. The fact that the process of 
reorientation of a single water molecule is not reflected in the dephasing dynamics of the 
OH-stretching mode in pure liquid water is probably related to the presence of several 
hydrogen bonds per water molecule. Furthermore, unlike in acetonitrile solution where 
relatively strong hydrogen bonds are formed only by donation of the proton of the OH-group, 
equally strong hydrogen-accepting bonds are formed in pure water. Thus, reorientation of the 
molecule requires the breaking of several hydrogen bonds. The phase coherence is unlikely to 





In this Chapter we have presented a study of the dephasing dynamics of the OH-stretching 
vibrational mode of water molecules in the liquid phase using a stimulated photon echo-peak 
shift method. Unlike in studies in which dye molecules in organic solvents were explored with 
the EPS technique [36,48], the experimental IR EPS of the OH-stretching vibrational mode in 
liquid water does not directly resemble the frequency fluctuation correlation function. Thermal 
effects in this system or in a nonlinear spectroscopic experiment contribute significantly to the 
response that is reflected in the behavior of EPS. The heterodyne-detected photon echo 
experiments showed that the EPS behavior is largely determined by the mutual interference of 
the chromophore response and the solvent thermal contributions. This effect is related to the 
difference in behavior of the phase of the chromophore response and the solvent thermal 
contributions as a function of the delay t12.  
Using experimental data and theoretical concepts of the thermal effects presented in 
Chapter 5, we performed a global fit of the experimental data on the EPS, transient grating and 
linear absorption spectrum to the model for water dynamics with a bi-exponential correlation 
function. The fit yielded the following values for the parameters of the correlation function: 
1/Λfast ≅ 125 fs, ∆fast ≅ 90 cm-1, 1/Λslow ≅ 700±100 fs, ∆slow ≅ 65 cm-1. These parameters are in 
very good agreement with the results of our previous study, which employed heterodyne-
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detected two-pulse photon echo technique, and with literature data. The sensitivity of the 
theoretical model to the choice of the parameters of the correlation function was tested by 
performing several simulations with different sets of parameters. 
Analyzing the literature data on water dynamics we can conclude that the slower 
timescale in the dephasing dynamics of the OH-stretching vibrational mode is most likely 
related to the making and breaking dynamics of hydrogen bonds. In summary, the microscopic 
dynamics of liquid water is split into two timescales: a fast one, which is determined by the 
low-frequency molecular motions of the solvent reflected in the low frequency Raman 
spectrum and a slow timescale, which is related to large-scale fluctuations such as the 
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We present a study of the effect of hydrogen bonding on vibrational energy relaxation of the 
OH-stretching mode in pure water and in water-acetonitrile mixtures. The extent of hydrogen 
bonding is controlled by dissolving water at various concentrations in acetonitrile. Infrared 
frequency-resolved pump-probe measurements were used to determine the relative abundance 
of hydrogen-bonded versus non-hydrogen bonded OH-bonds in water-acetonitrile mixtures. 
Our data show that the main pathway for vibrational relaxation of the OH-stretching mode in 
pure water involves the overtone of the bending mode. Hydrogen bonding is found to 
accelerate the population relaxation from 3 ps in dilute solutions to 700 fs in neat water, as a 
result of increasing overlap between donor and acceptor modes. Hydroxyl groups that initially 
are not hydrogen bonded have two relaxation pathways: by direct nonresonant relaxation to 
the bending mode with a time constant of 12 ps or by making a hydrogen bond to a 
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Chapter 8 
8.1  Introduction 
 
Water is a unique substance by being the medium in which most chemical reactions occur 
that sustain life on planet Earth. Therefore, understanding the properties of water is important. 
Water is also one of the major absorbers of sunlight in the Earth’s atmosphere. In particular, 
the OH-stretching vibrational mode, absorbs sunlight in the range of 3000-3800 cm-1. One of 
the important issues concerning water dynamics is the question how the excess vibrational 
energy is disposed of.  Vibrational energy relaxation (VER) is mainly a radiationless process, 
ultimately leading to heating of the low-frequency thermal motions of molecules. Unveiling 
the relaxation mechanism implies finding the intermediate steps and routes of the energy 
transfer process [1-3]. 
Water is a very “dynamical” fluid in the sense that the rearrangements of the local 
structure surrounding a water molecule occur on sub-picosecond timescale [4-11]. Vibrational 
relaxation dynamics in water is also very fast. For instance, the population relaxation lifetime 
of the OH-stretching mode of HDO molecules in liquid D2O is about 740 fs [12]. However, 
this relaxation lifetime is substantially longer (tens of picoseconds) when water molecules are 
isolated from each other in an inert liquid solvent matrix [13,14]. Hence, vibrational 
population (energy) relaxation in water molecules seems to be affected by hydrogen bonding.  
In general, VER in polyatomic liquids can involve several different pathways [1-3,15-21]. 
The most frequently encountered relaxation channel is of intramolecular nature and promoted 
by anharmonic coupling between the excited mode and other, lower frequency modes. Also 
intermolecular vibration-vibration and vibration-translation (rotation) energy transfer can be 
important. VER in condensed phase usually occurs on a picosecond or femtosecond timescale. 
Therefore, spectroscopic techniques employing ultrashort laser pulses must be used to explore 
such fast transient processes. In particular pump-probe spectroscopy is a useful tool to 
examine VER dynamics [12,19,22].  
Several previous experimental and theoretical studies focused on vibrational dynamics in 
water and similar hydrogen-bonded systems [2,3,12,23-26]. Pump-probe experiments on 
liquid water with 100 ps infrared (IR) pulses allowed only a rough estimate of the population 
lifetime, as the population dynamics appeared to be much shorter than the available time 
resolution. Using saturation measurements with intense IR pulses, the population lifetime of 
the OH-stretch vibration in HDO dissolved in D2O was estimated to be in the sub-picosecond 
range [26].  The currently accepted lifetime for the OH-stretching mode is 740±25 fs, obtained 
by using IR excitation and probe pulses of a few hundred femtoseconds [12]. The temperature 
dependence of the vibrational lifetime was found to be anomalous, increasing rather than 
decreasing with temperature.  This phenomenon was explained in a model where the hydrogen 
bond is assumed to be the main accepting mode in the relaxation of the OH-stretching 
vibrational mode. As the temperature increases, the OH-stretching absorption spectrum shifts 
to higher frequencies, which implies that the hydrogen bonds weaken. The reduced coupling 
between the OH-stretch vibration and the hydrogen bond results in a decrease of the energy 
transfer rate to the hydrogen bond and, therefore, to an increase of the population lifetime. 
This process is analogous to the theoretically predicted and experimentally observed VER in 
alcohols, where energy transfer directly to the hydrogen bond leads to its subsequent rupture 
[27-33]. 
The OH-stretching mode dynamics in heavy water has also been studied by an IR-pump 
visible-probe pulse technique [2,23]. In this method, a femtosecond IR pump pulse excites the 
vibrational transition while the response of the system is monitored via spontaneous Raman 
scattering induced by a visible probe pulse. With this method it has been shown that at early 
times the vibrational energy is redistributed primarily to the bending mode overtone of HDO 
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and D2O molecules while only a small fraction of the energy is transferred directly to the 
hydrogen bond. This conclusion corroborates the results of MD simulations in which the 
relaxation pathway from the excited OH-stretching to the bending mode overtone and further 
on to the lower frequency intramolecular and solvent modes was shown to be dominant [3,25]. 
It should be pointed out, however, that the time resolution of this technique is limited to about 
1 ps by a necessary trade-off between temporal and spectral resolution.  
 In the aforementioned experiments, isotopically substituted water in the form of a 
solution of HDO molecules in D2O was studied. Such isotopic mixtures have several 
advantages over isotopically pure water (i.e., H2O). First, in HDO there is no splitting of the 
OH-stretch vibration into a symmetric and antisymmetric modes, with a possible energy 
exchange between them. Secondly, resonant interactions between different water molecules, 
leading to intermolecular vibrational energy transfer [34,35], are eliminated as well. Finally, 
the optical density of the sample is readily adjustable to an experimentally convenient value. 
As a consequence, the analysis and interpretation of the experimental data is substantially 
simplified.  
Very recently, the first IR pump-probe experiments on VER in pure H2O have been 
reported [24,36]. These experiments showed that the dominant mechanism of VER in pure 
H2O is energy transfer to the bending mode overtone, which occurs at a 250-fs timescale. 
Later it was argued [37] that the lifetime is considerably longer (~0.7-1 ps), and VIR occurs to 
the bending mode and directly to the ground state [38] (for the ongoing discussion, see 
[39,40]). Our measurements on the OH-stretching lifetime obtained from aqueous 
reverse-micellar nano-droplets, yielded the value of ~200 fs [41]. At any rate, the apparent 
connection between the VER rate and the presence of the hydrogen bonding in water presents 
a way for studying the phenomenon of hydrogen bonding itself. 
In this Chapter we present a study of the effect of hydrogen bonding on VER from the 
OH-stretching mode of HDO molecules in the liquid phase. To control the extent of the 
hydrogen bond network, water is dissolved in an inert solvent (acetonitrile) capable of forming 
water solutions of any concentration. We demonstrate that IR frequency-resolved pump-probe 
allows the determination of the solution composition of the water-acetonitrile solution. The 
relative concentrations of OH-modes hydrogen-bonded to water molecules and non-water 
bonded are measured for the full concentration range of water in acetonitrile. To describe the 
experimental results, a model is developed that accounts for the effect of the hydrogen 
bonding on the process of VER in liquid water. Our data support the theory in which the 
relaxation channel to the bending mode overtone is dominant for VER of the OH-stretching 
mode of water molecules. 
 Binary mixtures of water and acetonitrile (CH3CN) have been extensively studied 
because of purely scientific interest and because of its importance to applied chemistry 
[42-56]. For instance, a water-acetonitrile solution is used as a solvent in liquid 
chromatography, hydrometallurgy and electrochemistry. Acetonitrile is a symmetrical top with 
a dipole moment of ~3.9 D [57]. Due to the presence of a partial negative charge on the 
nitrogen side, acetonitrile can form a hydrogen bond with water molecules through nitrogen 
[44]. In fact, this is the process that determines the excellent solubility of water in acetonitrile. 
Although hydrogen bonds between water and acetonitrile molecules are considerably weaker 
than those between water molecules, yet their formation effectively destroys the three-
dimensional hydrogen-bond network of water. Therefore, in water-acetonitrile solutions the 
extent of hydrogen bonding between water molecules can be controlled in a simple way. A 
great deal of information about its structure and properties has already been obtained using 
experimental methods of thermodynamics, optical spectroscopy and electrochemistry, as well 
as computer simulations [51]. In the light of these studies, it is clear that a water-acetonitrile 
 143 
Chapter 8 
solution is not a simple homogeneous mixture of two components, but rather a concentration-
dependent structural composition. Typically, there are three main concentration regions to 
distinguish [44-46,48,49,52,54]. In the first region, when the molar fraction of water xwater is in 
the range 0<xwater<0.1-0.2, water molecules are mostly solvated by acetonitrile. The low-order 
water aggregates, like dimers and trimers begin to develop in appreciable quantities in the 
middle of this concentration zone. At intermediate concentrations (0.2<xwater<0.7) the so-
called microheterogeneity sets in, meaning that relatively large water clusters are formed and, 
therefore, water molecules tend to be mostly surrounded by water, while acetonitrile 
molecules attach to acetonitrile. This tendency originates from the fact that hydrogen bonding 
between water molecules is stronger than between water and acetonitrile. At still higher 
concentrations, the structure of the solution largely resembles pure water with acetonitrile 
occupying vacancies in the hydrogen bond network composed of water molecules. 
The structural composition of the solution is reflected in spectroscopic data (Fig.8.1). At 
low concentrations (Fig.8.1a), water molecules are separated from each other and interact only 
with acetonitrile. MD simulations [54] indicate that on average every water molecule donates 
~1.65 hydrogen bonds while accepts none. This results in a noticeable shift to lower 
frequencies and a substantial broadening of the absorption band as compared to the OH 
stretching absorption spectrum in an inert solvent (Fig.8.1a, dark shaded contour), where there 
is no hydrogen bond formation. However, the absorption band still remains distinctly shifted 
to the higher frequencies with respect to its position in pure water (solid curve).  Thus, the 
width and the position of the spectrum at this concentration are mainly determined by the 
interaction of water molecules with acetonitrile. The red shift compared to the gas phase 
absorption peak (~3700 cm-1, [57]) indicates the formation of weak hydrogen bonds between 
water and acetonitrile molecules, while the narrowing of the absorption band in comparison 
with the spectrum of pure water is related to the different coupling strength of the OH-
stretching vibrational transition and environment. 
With an increase of water concentration (Fig.8.1b), one observes a red-shifted wing 
develops in the spectrum as well as a substantial spectral broadening. This is caused by the 
growth of water clusters. Although the average number of donated hydrogen bonds per 
molecule does not change appreciably (from 1.65 in acetonitrile to 1.75 in water), the bonds 
become donated to other water molecules instead of acetonitrile [54]. As the hydrogen bonds 
to water are stronger than to acetonitrile, the absorption spectrum develops at the lower 
frequencies (around 3450 cm-1). Also, the number of accepted hydrogen bonds increases 
sharply from 0 in acetonitrile to 1.75 in water as the concentration increases [54]. This results 
in an additional red shift and broadening of the spectrum. At concentrations exceeding 70% 
(Fig.8.1c), large clusters of water molecules have already been formed, which resemble bulk 
water in their properties. With a further increase of water concentration, the structure of the 
solution is approaching the structure of pure water and the acetonitrile molecules reside 
primarily in voids of water network.  At this point, each water molecule accepts approximately 
1.5 hydrogen bonds from other water molecules. Consequently, the position and shape of the 
spectrum move toward those of pure water. Nevertheless, there is still an appreciable number 
of acetonitrile bonded water molecules (~15%) which results in a noticeable shoulder in the 
spectrum around 3570 cm-1. Finally, in pure water, a water molecule both accepts and donates 
~1.75 hydrogen bonds. Thus, by dissolving water in acetonitrile at various concentrations, the 
extent and complexity of the hydrogen bond network can be regulated. 
The spectroscopic data presented in Fig.8.1 provide a good starting point for determining 
the structural composition of binary mixtures. However, as the linear spectrum is no more than 
a static projection of complex dynamical processes, it does not allow an unambiguous 
decomposition of the total absorption line into contributions from acetonitrile-bonded and 
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water-bonded water molecules. Such decomposition is essential for a grasp of the relaxation 
pathways, since they are expected to differ for these two cases. To accomplish this, nonlinear 
IR spectroscopy with a fs time resolution is needed. 




















Frequency (cm )   -1  
Fig.8.1. Spectrum of HDO molecules in the OH-stretching vibration absorption region at three 
concentrations of water in acetonitrile: 2.5 (a), 20 (b), and 80 (c) molar percent (shaded contours). 
For comparison, the spectrum of HDO in D2O is presented by a solid curve. The spectrum of HDO 
molecules in CH2Cl2 is depicted as a dark shaded contour in (a). All spectra are corrected for the 
solvent contribution. At the left side of each plot, the schematic representation of the characteristic 
unit of the sample structure is shown. 
 
 
8.2  Experiment 
 
The schematic representation of the experimental setup is shown in Fig.8.2. The IR pump 
and probe pulses are focused in and recollimated after the sample (100-µm free-standing jet) 
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with two concave mirrors. The probe beam is dispersed through a monochromator (CVI) to 
probe the dynamics at each frequency. 
The laser system is driven at a 1-kHz repetition rate. A synchronous 500-Hz chopper is 
inserted in the pump beam. The detected signal (modulation of the probe beam intensity 
∆Iprobe) is processed with a lock-in amplifier, while the reference signal (the probe beam 
intensity Iprobe) is simultaneously detected as the dc component at the detector output. Both 
signals are digitized and stored in a computer. The differential absorption signal, which is 
called hereafter the pump-probe signal S(t) is calculated as a ratio ∆Iprobe/ Iprobe.  
The spectrum of the 70-fs laser pulses, employed in the experiments, covers both the 
|g>-|e> and |e>-|2e> transitions of the chromophore – the OH-stretching vibrational mode of 
HDO  (Fig.8.2, inset). This enables us to measure pump-probe signals in the required 
spectroscopic region without tuning the wavelength of the laser output. 
The sample is prepared by mixing D2O, H2O, and acetonitrile volumetrically [2]. The 
water content in the sample is determined by the total concentration of H2O, D2O as well as 
HDO, formed due to isotopic exchange. The use of such mixtures of isotopically substituted 
water allows the optical density to be kept at a constant level for any concentration of water in 
acetonitrile. The volumes of H2O and D2O are chosen in such a way that the concentration of 
HDO equals ~0.45 mol/L in the final mixture with acetonitrile. In the most dilute solution the 
concentration of H2O molecules is at least a factor of 7 smaller than the concentration of 
HDO. With an increasing concentration of water in acetonitrile the ratio between the 
concentrations of HDO and H2O molecules gradually increases, reaching a factor of 1000 in 
pure water. Therefore, the content of H2O molecules in the solution is relatively small, and the 
absorption in the spectroscopic region of interest (from 3000 to 4000 cm-1) is mostly 
determined by the OH-stretching vibrational mode of HDO molecules. The chosen 
concentration of HDO (i.e., OH groups) leads to an optical density of 0.5 for a 100 µm thick 
sample.  






















Fig.8.2. Schematic of the experimental setup. Examples of the sample absorption spectrum, 
frequency-resolved pump-probe signal, and the laser spectrum are shown in the inset. 
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The sample was contained in a 100-µm thick cell. 
Two examples of experimental pump-probe signals on the OH-stretching vibrational 
mode of HDO in acetonitrile at 5% concentration and in D2O are shown in Fig.8.3. At short 
delays (0.5 ps) a positive signal corresponds to an induced bleaching of the sample, which 
originates from the pump-induced “hole” in the ground state, and stimulated emission from 
the excited state.  A negative signal is related to the induced absorption corresponding to the 
transition from the excited state to the second vibrational level. The pump-probe signal decays 
with characteristic time scales of 10 ps (Fig.8.3a) and 0.7 ps (Fig.8.3b) until the transient 
spectrum reaches an asymptotic shape at 50 and 5 ps, respectively. This contour remains 
unchanged within experimentally accessible delays up to 0.5 ns.   
The origin of the constant pump-probe signal at long delays is the following [10,29-33]. 
After vibrational relaxation, the energy deposited by the pump pulse is redistributed amongst 
the low-frequency modes causing a temperature raise in the focal point of the sample. This 
higher temperature leads to breaking of a small portion of hydrogen bonds (~0.2% per K in 
neat water, [58]). This results in the shift of the absorption spectrum toward higher 
frequencies. As the pump-probe experiment measures the difference between sample 
transmission with and without the pump (i.e., the “hot” and “cold” sample), there appears an 
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 PP data at 0.5 ps
 PP data at 50 ps
 ∆OD for ∆T=0.8 K
 
 
Fig.8.3. Transient absorption spectra for 5 molar percent of water in acetonitrile (a) and pure water 
(b) at short (solid dots) and long (open circles) delays. Thick solid curves show the steady-state 
differential absorption spectra taken at the temperature difference of 0.8 K (a) and 0.7 K (b). 
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additional contribution to the pump-probe signal at short delays that originates solely from a 
change in absorption spectrum. Further temperature changes are determined by the heat flow 
from the excitation spot and are beyond our experimental time window.  
To validate this interpretation, we compared the pump-probe signals at long delays with 
the difference in steady-state absorption spectra measured at different temperatures [29,33] 
(Fig.8.3, thick solid lines). Both spectra can be excellently fitted when the temperature shift is 
0.7-0.8 K. These values are in the perfect agreement with results of an independent estimation 
made on the basis of known pulse energy, the sample focal volume, and the heat capacity of 
the sample. The ratio in the product of heat capacity and density for water and acetonitrile of a 
factor of ~2.4 is wholly compensated by the analogous ratio between the widths of absorption 
spectra, which insures that less energy is absorbed by the acetonitrile sample. We emphasize 
here that the amplitude of the thermal pump-probe signal provides a direct value of the 
temperature rise while the signal shape is not very sensitive to temperature. This is due to the 
fact that the thermal shift of the spectrum is much smaller than its width and, therefore, the 
temperature change mostly influences the amplitude and position of the spectrum, whereas the 
shape of the contour is not strongly affected. 
The general conclusion from the considerations above is that the ultrafast pump-probe 
signals at long delays contain information identical to steady-state differential spectroscopy. 
The fraction of hydrogen bonds that is broken due to the temperature increase of ~0.7 K, is 
~0.2%, which is negligibly small compared to the fraction of initially excited OH bonds 
(10-20%). Nevertheless, to account for these broken bonds, we corrected all transient spectra 
for the pump-probe signal at long delay (or, equivalently, the respective baseline). The precise 
dynamics with which the thermal contribution settles in are not essential because they occur 
within the time when the genuine pump-probe signal exceeds by far its thermal counterpart. 
As the absorption spectrum of water in acetonitrile at low concentrations is relatively 
narrow, the pump-probe signals around zero delay are slightly distorted by free induction 
decay that is considerably longer (~150 fs) than the excitation pulse duration (70 fs). Note that 
the free induction decay does not pose any problems in the case of neat water where 
distortions around zero delay are mainly determined by coherent coupling of the pump and 
probe pulses. Also, the pump-probe signal around zero delay at low concentrations of water in 
acetonitrile is affected by H2O molecules (~15%) that relax at an ~250-fs time scale [24]. To 
avoid any complications that can potentially introduce these factors into the dynamics studied, 
we analyze the signals starting from 0.5 ps on, and disregard the data before this time. 
 
 
8.3 Orientational dynamics of water molecules in acetonitrile 
 
Orientational motion of molecules in liquids is one of the key parameters in molecular 
dynamics. The characteristics of orientational dynamics, obtained from polarization-resolved 
pump-probe measurements, provide invaluable information for understanding the nature of 
molecular interactions in the system. We therefore start the analysis of our experimental data 
with a discussion of the results of polarization-resolved measurements. Information about 
rotational dynamics of water molecules in acetonitrile is essential for the understanding of 
VER in this solution (vide infra).  
Time-resolved pump-probe signals at a wavelength of 3550 cm-1 from the OH-stretching 
vibrational mode of HDO molecules in acetonitrile at a concentration of 5% are presented in 
Fig.8.4. As we discussed in Introduction, at such low concentrations the aggregation of water 
is relatively small and therefore water molecules can be regarded as being mostly isolated 
from each other and only surrounded by acetonitrile. When the polarization of the pump and 
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probe pulses is identical, the signal decays much faster than in the case of orthogonal 
polarizations due to rotational diffusion of the induced dipole moment. The reorientational 
motion completely scrambles the anisotropy by ~5 ps, and purely population relaxation 
dynamics dominates from then on. From the polarization-resolved data we can synthesize the 
rotation-free signal that reflects population dynamics only, and the rotational anisotropy. The 
rotation-free signal can be calculated in the following way [59]: 
 
  (8.1) ⊥
− += )(2)()( || tStStS FreeRot
 
where  and are pump-probe signals measured with parallel and orthogonal 
polarizations of the pump and probe pulses, respectively.  The rotation-free signal shown in 
Fig.8.4b, can be fitted by a bi-exponential function with time constants of 2.8 ps and 9.8 ps 
with relative contributions of 0.2 and 0.8, respectively. The slower time constant reflects the 
vibrational relaxation of the non-hydrogen-bonded OH oscillators while the faster constant is 
attributed to the hydrogen-bonded ones (wide infra). 
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Fig.8.4. (a) Time-resolved pump-probe signals at the wavelength of 3550 cm-1 from the OH-
stretching vibrational mode of HDO in acetonitrile at a concentration of 5 molar percent, measured 
with parallel (open circles) and perpendicular (open squares) mutual orientations of polarizations of 
the pump and probe pulses (left panel). The rotation-free signal (b) and orientational anisotropy (c) 
are calculated according to eqs 1 and 2, respectively. Solid lines in (b,c) show the best fits to the 
data: a bi-exponential function 0.2exp(-t/T1(1)) + 0.8exp(-t/T1(2)) (b) and a single-exponential 
function with a time constant of 2.2 ps (c). The respective transients calculated with these 
parameters are shown in (a) as solid lines. 
 149 
Chapter 8 
The orientational anisotropy of the OH-stretching vibrational mode of HDO in 
acetonitrile, depicted in Fig.8.4c, decays monoexponentially with a time constant of 
0.22.2R ±=τ  ps. The normalized pump-probe signals calculated according to the following 
relations: 
 
 ( )[ ] ( ) ( ) ( )[ ])2(1)1(1|| /exp/exp1/exp4591)( TtaTtattS R −+−−−+= τ  
  (8.3) 
 ( )[ ] ( ) ( ) ( )[ ])2(1)1(1 /exp/exp1/exp2591)( TtaTtattS R −+−−−−=⊥ τ  
 
for parallel and perpendicular polarizations, respectively, are shown in Fig.8.4 as solid lines. 
The measurement of the orientational anisotropy of the OH-stretching mode of HDO in 
heavy water is considerably more challenging, since the population relaxation time is much 
shorter (~740 fs), limiting the dynamic range of the experimental data. We obtained a 
rotational diffusion constant of 3±0.5 ps, in good agreement with previous experiments [60]. 
Interestingly enough, the rotational anisotropy does not seem to differ much for water 
molecules dissolved in acetonitrile and bulk water, while on basis of the substantially different 
hydrogen-bonding strengths one would expect a prominent effect. Most probably, the reason 
for this lies in the fact that the survival time of a hydrogen bond in liquid water does not 
exceed 1 ps [4-10]. Therefore, the hydrogen bond is broken at a time scale that is much shorter 
than the rotational constant, after which the molecule can rotate more or less freely. Slightly 
slower orientational dynamics in pure water is apparently due to stronger hydrogen bonds as 
well as the presence of more than one hydrogen bond per water molecule. 
 
 
8.4  Population dynamics of water molecules in an acetonitrile matrix 
 
As we have already pointed out, binary mixtures of water and acetonitrile are 
microheterogeneous over a large concentration range. This means that the number of 
acetonitrile-bonded water molecules does not follow a simple linear relationship with 
concentration. In this Section we present a decomposition analysis of water-acetonitrile 
mixtures obtained by frequency-resolved pump-probe. These data will be used in the 
following Sections to create a self-consistent model describing the effect of hydrogen bonding 
on VER in pure water and acetonitrile solutions. 
The experimental pump-probe signals of the OH-stretching vibrational mode of HDO in 
acetonitrile for several concentrations, spanning the range from 5% to pure water, are shown 
in Fig.8.5. The experiments were performed with the polarization of the pump and probe 
pulses set at 54.7o, which provides a signal free of orientational anisotropy and therefore 
reflecting only population relaxation dynamics [61]. 
 The left panel in Fig.8.5 shows transient spectra at different concentrations at a fixed 
delay of 500 fs where pulse overlap, free-induction decay or contributions from H2O does not 
affect the signals. With increasing concentration the transient absorption spectra shift to the 
lower frequency and become considerably broader. This is in full agreement with the behavior 
of the linear absorption spectra depicted in the Fig.8.1. Note that the separation between the 
peaks of induced bleaching and absorption, which is directly related to the anharmonicity 
parameter (i.e., the frequency difference between the <g|→<e| and <e|→<2e| vibrational 
transitions), remains almost constant (~220-250 cm-1) for any concentration. Therefore, the 
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Fig.8.5. Pump-probe signals from the OH-stretching vibrational mode of HDO in acetonitrile at 
concentrations of 5, 20, 50, 80, and 100 molar percent. The left panel represents frequency-resolved 
pump-probe signals at a fixed delay of 500 fs. In the right panel the time-resolved pump-probe signals 
at 3500 cm-1 are shown on a logarithmic scale.  All data were taken with polarization of the pump and 
probe pulses set at 54.7o to ensure rotation-free signals. The inset shows the first 4 ps of the transients 
on a linear scale. hree-dimensional hydrogen bond network does not substantially affect the anharmonicity of 
he OH-stretching potential energy surface, at least not in the vicinity of the two lowest 
ransitions. 
The right panel of Fig.8.5 represents the time-resolved transients at 3500 cm-1, which is 
lose to the peak of induced bleaching. The population lifetime substantially decreases with 
ncrease of concentration of water in acetonitrile. It changes from ~12 ps in dilute solutions, 
here the water molecules are well separated from each other, to ~700 fs in pure water, where 
 complete three-dimensional hydrogen-bond network exists. Therefore, population relaxation 
ynamics is obviously facilitated by hydrogen bonding. Apart from that, the time-resolved 
ump-probe signals for intermediate concentrations do not show monoexponential dynamics 
ut can be fitted well to a bi-exponential decay function (Fig.8.5, solid lines). This strongly 
uggests that there are two different types of OH-bonds coexisting at the intermediate 
oncentrations. In order to elucidate this issue we performed a series of time-resolved pump-
robe scans in the whole frequency range corresponding to the absorption of the 
H-stretching vibrational mode. 
 
The result of a combined time-frequency scan for a 50% solution is presented in the 
ig.8.6. It is comprised of eleven time-resolved pump-probe transients measured in the 
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wavelength range from 3100 cm-1 to 3600 cm-1 with the equidistant step of 50 cm-1. For the 
sake of clarity, all time-resolved pump-probe scans are normalized to the respective maximum 
value. It is clear that the signal decay rate is wavelength dependent. Within the induced bleach 
(induced absorption) band the signal decays slower at the shorter wavelengths than at longer 
ones (solid curve). For this particular concentration of water in acetonitrile, the average 
population lifetime changes from ~3.2 ps at the blue wing of the absorption band to ~1.2 ps at 
the red one.  
Such a dependence of population lifetime on the wavelength is determined by the effect 
of diverse solvent environments for different OH-bonds. The formation of a hydrogen bond 
between water molecules leads to the red shift of the absorption band of the OH-stretch 
vibration [62]. Therefore, Hydroxyl groups that form a hydrogen bond to acetonitrile have 
higher frequencies (~3550 cm-1, Fig.8.1a) and, as Fig.8.6 shows, longer relaxation times. In 
contrast, hydroxyl groups that make a hydrogen bond to other water molecules have lower 
frequencies (~3400 cm-1) [62] and much shorter relaxation times. Hence, the bi-exponential 
decay of the time-resolved pump-probe signal at 3500 cm-1 for intermediate concentrations 
(Fig.8.5), can be attributed to the presence of two types of hydroxyl groups: one bonded and 





Fig.8.6. A representative time-frequency pump-probe scan for a 50% solution.  All transients are 
normalized to unity at zero delay. The thick solid line in the 2D plot depicts the level at which the 
signal decays by a factor of 1/e. Circles in the top plot depict the linear absorption spectrum for this 
concentration, while solid and dashed curves show the spectral components corresponding to water-
bonded and non-water-bonded hydroxyl groups, respectively. A schematic illustration of the 
microscopic structure of the solution is depicted next to the figure. 
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8.5 Signal analysis in terms of hydrogen bonded versus non-hydrogen bonded 
species  
 
We are now in a position to perform a global fit to the pump-probe data, which is based 
on the assumption that there is a clear separation of time scales between the dynamics of 
water-bonded and non-water-bonded oscillators. At any given wavelength, the pump-probe 
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The first term in Eq.8.4 describes the pump-probe signal of hydroxyl groups that have a 
hydrogen bond to other water molecules. Accordingly, parameters A(ω) and T1 express, 
respectively, the amplitude of the signal at the corresponding wavelength and the population 
lifetime. The second part of this expression describes the signal of the hydroxyl groups that 
are not linked by the hydrogen bond to water molecules with corresponding variables.  
We have performed a global fit of the experimental data to this model, i.e. the complete 
time-frequency scan (similar to depicted in Fig.8.6) for each concentration is simulated in a 
single fitting session. The parameters representing the population lifetime are global for each 
concentration while the amplitudes varied to produce pump-probe transients for each type of 
oscillators independently. This information will be used to decompose the content of the 
water-acetonitrile mixture into two components and verify the validity of the model. 
The quality of the fit is excellent as can be judged from the Fig.8.7, where six out of 
eleven representative transients are shown for concentration of 50%. Note that the peculiar 
shape of the pump-probe signal at 3400 cm-1, with initially decaying from positive to negative 
values and later rising back to zero, is well reproduced. This behavior is related to the fact that 
at this wavelength the pump-probe signal consists of a positive (induced bleaching) 
component corresponding to the water-bonded hydroxyl groups (dashed line) and a negative 
(induced absorption) component of the non-water-bonded ones (dotted line). The non-water-
bonded oscillators have a much longer (by a factor of ~4) population lifetime and therefore 
their contribution dominates at longer delays.  
The fit of the experimental pump-probe data at each concentration yields the values of the 
population lifetimes and the spectral amplitudes of the components, associated with water-
bonded and non-water bonded hydroxyl groups. We leave the detailed discussion on the 
population lifetimes to the next Section with concentrating here on the signal analysis. This 
allows us to verify the validity of the applied model (Eq.8.4) that implies that only two 
components suffice to describe experimental data adequately. Two issues will be addressed: i). 
whether linear absorption spectra (Fig.8.1) can be modeled with the same parameters, and ii). 
whether the results obtained from the microheterogeneity model are consistent with MD 
simulations [44,45,54]. 
The spectral amplitudes derived from the global fits, allow decomposing the total 
frequency-resolved pump-probe signal into contributions originating from the water-bonded 
and non-water bonded hydroxyl groups (Fig.8.8, top panel). Here the open squares depict the 
amplitudes of non-water-bonded hydroxyl groups (A(non-bonded) in Eq.8.4), while the circles 
correspond to the water-bonded ones (A(bonded) in Eq.8.4). As expected, their sum (solid 




As one can see from Fig.8.8, at a water concentration of 5% the pump-probe signal 
originates mostly from the non-water-bonded hydroxyl groups. When the molar fractions of 
water and acetonitrile are equal, the component corresponding to the water-bonded hydroxyl 
groups noticeably dominates, which is a clear manifestation of the mixture 
microheterogeneity. Correspondingly, at concentration of 80% most of the pump-probe signal 
comes from the water-bonded hydroxyl groups. 








































































Fig.8.7. Fit of time-resolved pump-probe signals for a water concentration of 50%. The symbols 
represent the experimental data points, while the results of the simulations are shown by the solid 
curves. The relaxation components belonging to water-bonded and non-water-bonded OH oscillators 
are shown by dashed and dotted lines, respectively. Six out of the set of 11 transients are shown, 
while the total data set comprises nine different concentrations  
 
In order to extract the components related to water-bonded and non-water-bonded 
hydroxyl groups from the pump-probe data we performed the following analysis. For each 
concentration, an independently measured linear absorption spectrum and the components of 
the pump-probe spectrum (Fig.8.8, top panel) are simulated simultaneously using a global fit 
procedure. The linear absorption spectrum is described as a sum of two spectral bands 
corresponding to the water-bonded and non-water-bonded hydroxyl groups. Each of the two 
pump-probe signal components is presented by a sum of two lines responsible for the induced 
bleaching and induced absorption. The components of the linear absorption spectrum and the 
signals corresponding to the induced bleaching in the pump-probe spectra (i.e. the contours 
related to the |g>-|e> vibrational transition) are fitted with spectral lines of identical shapes and 
positions. The width and amplitude of the line corresponding to the induced absorption in the 
pump-probe signals are free parameters in the fit. To model the lineshape we used the 
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Fig.8.8. Decomposition of transient (top panel) and linear (bottom panel) absorption spectra onto 
subbands corresponding to water-bonded (open squares) and non-water-bonded (open circles) 
hydroxyl groups. Solid triangles represent the sum of the two components. Solid curves show 
independently measured transient spectra at a 500 fs delay (top panel) and linear absorption spectra 
(bottom panel). For details of the simulations consult the text. In Eq.8.5 parameters A,δω , 0ω , s, and a define the height, width, position, asymmetry, 
nd balance between Gaussian (inhomogeneous) and Lorentzian (homogeneous) contributions 
o the line shape, respectively. The line asymmetry is related to the fact that the frequency of 
he OH-stretching vibrational mode is a nonlinear function of the hydrogen bond length. The 
symmetry of the OH-stretching absorption line of water molecules in acetonitrile is observed 
ven at the lowest water concentrations, when the amount of water-bonded hydroxyl groups is 
egligibly small (Fig.8.1, top panel).  
 
The fit results are presented in the lower panel of Fig.8.8. The contributions to the total 
bsorption spectrum from the non-water-bonded and water-bonded hydroxyl groups are 
hown by open circles and squares, respectively. With the increase of concentration of water, 
he band that corresponds to the water-bonded hydroxyl groups gradually grows, while the 
ontribution from non-water-bonded oscillators diminishes. At low concentrations, water 
olecules are mostly present as monomers and dimers. The absorption spectrum of a hydroxyl 
roup of the probe HDO molecule that is donated to a heavy water molecule, peaks at 
3470 cm-1. With the increase of water concentration more hydrogen bonds to other D2O 
olecules are formed [54]. As a consequence, the absorption contour gradually shifts to its 
symptotic value of 3400 cm-1. The spectrum also broadens by ~50% as a result of distribution 
n the local surroundings and their dynamical fluctuations. Therefore, our analysis indicates 
hat the OH stretching frequency of the HDO molecule decreases by ~175 cm-1 as compared to 
he inert solvent, upon a hydrogen bond formation from the hydroxyl group under 
onsideration. Further involvement of the HDO molecule in hydrogen bonding results in an 
dditional ~70-cm-1 red shift. The latter value is also consistent with the position (~3575 cm-1) 
f the non-hydrogen-bonded hydroxyl group in neat water [5,62]. The sum (close triangles) of 
wo bands corresponding to the water-bonded and non-water-bonded hydroxyl groups 
orrectly describes the linear absorption spectra at the corresponding concentrations (solid 
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curves). Therefore, despite the simplicity of the applied model, it is capable of reproducing the 
linear absorption spectra as well, which provides strong support for its validity.  
The composition of the solution can be determined by assuming that the concentration of 
each type of OH oscillator is proportional to the integrated intensity of its spectral band. As 
the absorption cross-section of water-bonded OH oscillators is ~30% larger than that of non-
water-bonded OH oscillators, the integrated intensities were normalized in such a way that 
their sum equals to unity. The mixture composition found in this way is presented in Fig.8.9 
by open symbols. From the microheterogeneity model one may expect the fractions of water-
bonded and non-water-bonded OH oscillators to be nonlinear functions of the molar fraction 
of water [44,45,54]. This is fully confirmed by the experimental results (Fig.8.9).   
Hydrogen bonding in water-acetonitrile mixtures has been extensively studied by MD 
simulations (see, for instance, [54]). Typically, three types of hydrogen bonding states for OH 
groups are considered: hydrogen-bonded to water, hydrogen-bonded to acetonitrile and non-
hydrogen-bonded. We redistributed non-hydrogen bonded OH oscillators between water-
bonded and non-water-bonded (as observed in a pump-probe experiment) in the following 
way. In pure water, ~15% of the OH-bonds are not linked by a hydrogen bond to other water 
molecules [6,63]. Correspondingly, in pure acetonitrile this concentration is zero. We assume 
the intermediate behavior to be linear with concentration, add respective values to water-
bonded and non-water-bonded fractions, and renormalize the corrected concentration 
functions to unity. Although a linear interpolation seems to be oversimplified and, perhaps, 
even ill-justified from a microheterogeneity viewpoint, it can not introduce a substantial error 
due to the relatively small fraction of the oscillators to be redistributed (15%). The solid 
curves in Fig.8.9 present the results of MD simulations [54] processed as described above. Our 



























Molar fraction of water  
Dependence of solution composition on the concentration of water in acetonitrile. The 
 depict the integrated amplitudes of spectral bands corresponding to water-bonded (squares) 
-water-bonded (circles) hydroxyl groups. The solid and dashed lines show the fractions of 
nded and non-water-bonded hydroxyl groups found in MD simulations [1] and in a linear 
copic experiment, [2] respectively. 
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essence of the applied model. 
It is instructive to compare the effectiveness of a mixture decomposition by means of 
nonlinear and linear [44,45] spectroscopy. In the latter case, the results strongly depend on the 
data processing procedure and the particular choice of supplementary information, as overlap 
of corresponding spectral components. For instance, the linear absorption spectrum at a 50% 
concentration is portrayed by a wide featureless band with no apparent signs of water-bonded 
or non-water-bonded OH oscillators (Fig.8.8). The dashed curves in the Fig.8.9 show the 
results of the analysis of the linear spectroscopic experiment [44]. As can be seen from 
Fig.8.9, the dependence of fractions of water-bonded and non-water bonded OH-groups on the 
water concentration is much closer to linear in comparison with the data obtained in MD 
simulations and nonlinear spectroscopy. Hence, the extent of hydrogen bonding between water 
molecules in acetonitrile solution is substantially underestimated in the analysis of the linear 
spectroscopic experiment.  
At this point the question may be raised why only two basic components suffice to 
describe steady state and transient spectra. Although at any moment there is a wide 
distribution of hydrogen-bonded coupling strengths (as reflected in the broad absorption 
spectrum), the distribution is not static but rather dynamical. Recent photon echo experiments 
revealed that restructuring of bulk water occurs at the time scales of ~100 and ~700 fs with the 
fast component dominated (~70%) [4-10]. Therefore, molecules that are strongly hydrogen-
bonded become weakly bonded within 100 fs, and vice versa. It is this spectral scrambling, 
occurring at a time scale much shorter than the shortest population lifetime (~700 fs) that 
prevents vibrational population relaxation to be frequency dependent. At the intermediate 
concentration, the momentarily distribution in hydrogen-bonded coupling strengths and the 
number of additionally donated/accepted hydrogen bonds is contained in the central position 
and the width of the absorption spectrum of the already hydrogen-bonded hydroxyl groups. As 
far as acetonitrile bonded HDO molecules are concerned, the absorption spectrum is much 
narrower to expect any frequency dependent relaxation. Also, the phase dynamics of the OH 
stretching of the HDO molecule dissolved in acetonitrile are completed far before the 
population relaxation takes place (see Section 6). However, we would like to stress that from 
the spectroscopic data alone we are not able to distinguish, for instance, double-bonded water 
molecules from the triple-bonded ones, etc. Clearly, additional MD simulations are required 
here to obtain a more detailed microscopic picture. Nonetheless, the partition between water- 
and acetonitrile-bonded water molecules does not seem to be problematic.  
Summarizing this Section, we conclude that ultrafast nonlinear pump-probe spectroscopy 
allows direct and unambiguous resolution of the sample composition with respect to water-
bonded and non-water-bonded OH-groups. Such a decomposition is possible because the 




8.6  Pathways for vibrational energy relaxation 
 
Having obtained the mixture composition and the orientational dynamics of water 
molecules in acetonitrile, we can proceed with the investigation of the vibrational energy 
relaxation mechanism. The concentration dependencies of population lifetimes of non-water-
bonded and water-bonded hydroxyl groups derived from the global fit according to Eq.8.4, are 
shown in Fig.8.10. For both components the population lifetime decreases with increasing 
concentration: from ~12 ps to ~2.5 ps for the non-water-bonded OH oscillators and from ~3 ps 
to 700 fs in the case of water-bonded ones. The latter time practically sets in at a water 
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fraction of ~0.5. Such a behavior of the population lifetime is in agreement with the 
microheterogeneity model [44-46,51,52]. At this concentration large water aggregates, 
resembling bulk water, are formed. With further increase of concentration the structure of the 
solution resembles more and more bulk water, with acetonitrile molecules residing in 
vacancies of the water network. 
The concentration dependence of the population lifetime of water-bonded hydroxyl 
groups can be explained in the framework of a model that has briefly been discussed in 
Introduction [2,3,23]. According to this model, the first step in the vibrational population 
relaxation is a near-resonant energy transfer from the excited OH-stretching mode to the first 
overtone of the bending mode. Further energy redistribution involves intra- and inter-
molecular relaxation to lower vibrational levels, hydrogen bond modes and other low-
frequency molecular motions. The relaxation rate is determined by the energy overlap between 
the donor and acceptor modes, which are in this case the fundamental OH-stretching 
vibrational transition and the first overtone of the bending mode, respectively [1,16,19,22]. 
According to the Fermi’s golden rule the relaxation rate can be expressed in the following 
way: 
 
 ( ) ( )∫ =−∝ dEEEEEVT δυδυδυυδδυ ρδ 2221 20011  (8.6) 
 
where υ1  and υ0  denote the initial and final states of the donor mode (OH-stretching), 
δ0  and δ2  the initial and final states of the acceptor mode (bending vibration), 
correspondingly, Vνδ is the interaction potential, and ( )δυρ 2EE =  is the density of states. 
Eq.8.6 represents the overlap integral of the spectral band corresponding to the water-bonded 
hydroxyl groups and the spectrum of the bending mode overtone. The former has been found 
from the analysis of the pump-probe data (see Fig.8.8). The shape and position of the latter are 
derived from the spectrum of the fundamental transition assuming the mode to be almost 
harmonic. The validity of this assumption has been discussed in detail in Ref.[64]. The only 
adjustable parameter in the model turns out to be a scaling factor. 
The result of the simulations is shown in the Fig.8.10 as a solid line, which adequately 
reproduces the experimental data. The spectrum of the donor mode (OH-stretching) shifts to 
the lower frequencies and broadens with increase of the concentration of water in acetonitrile 
(Fig.8.8), which leads to a better overlap with the spectrum of the accepting mode and, 
consequently, a more efficient resonant energy transfer. The width and position of the bending 
mode spectrum are not significantly changed with variation of the concentration as compared 
to the corresponding parameters of the OH-stretching mode. Therefore, the alteration of the 
spectrum of the bending mode does not contribute much to the concentration dependence of 
the population lifetime. Thus, the dependence of the population relaxation time for the water-
bonded OH oscillators on the concentration of water in acetonitrile is mainly determined by 
the modifications of the spectrum of the OH-stretching mode that, in turn, reflects the amount 
of hydrogen bonding and local surrounding fluctuations. 
In the case of non water-bonded hydroxyl groups, relaxation pathways are quite different. 
At the lowest concentration, water molecules are separated far from each other and surrounded 
by acetonitrile. The absorption spectrum (Fig.8.1a) shifts to the higher frequencies and 
narrows [44,45]. Its overlap with the spectrum of the bending mode overtone becomes 
negligible. Hence, the resonant intramolecular relaxation channel to the bending mode 
overtone becomes substantially less efficient and, consequently, the population lifetime 
reaches 12 ps in the most dilute solution. In an inert solvent, such as CH2Cl2, where no 
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Molar fraction of water  
. Concentration dependence of population lifetimes for non-water-bonded (circles) and 
onded (squares) hydroxyl groups. The solid curves represent the results of simulations (see 
details).  bonds are formed, the absorption spectrum is shifted even further to higher 
ies and the population lifetime approaches several tens of picoseconds [13,14]. In the 
 case of a red-shifted absorption spectrum (for instance, H2O molecules isolated in 
ile) the population lifetime shortens to ~8 ps. These facts point toward the supposition 
relaxation mechanism involves in the first step a nonresonant energy transfer to the 
mode; however, this process is not as efficient as in the case of water-bonded OH 
s. Another possible relaxation channel is a direct relaxation to the librational modes 
the bending mode as an intermediate. Also, we cannot completely rule out the 
y of energy relaxation directly to acetonitrile and mediated by a hydrogen bond.  
 increasing water concentration the population relaxation lifetime of non-water-
olecules sharply decreases approaching an asymptotic value of ~2.5 ps. This value is 
e to the rotational anisotropy constant of HDO in acetonitrile established in Section 3 
) and water (~3 ps [60]). This strongly suggests the following relaxation pathway: 
non-water-bonded OH oscillator belonging to a water molecule, which is part of a 
reorients and creates the hydrogen bond to another water molecule with a 
istic time of ~2.5 ps. Consequently, the spectrum of the oscillator is modified 
s and shifts to lower frequencies) and the resonant energy relaxation channel opens to 
ing mode overtone. The energy in this case is transferred to the donor mode at a 
 of ~700 fs. The latter process is substantially faster than the reorientation time and 
 the relaxation rate is mainly determined by the reorientation time. 
onfirm the feasibility of such a pathway, we recall IR vibrational echo-peak shift 
ents [8-10,65] on HDO dissolved in acetonitrile reported in Chapter 7 (Fig.7.6). It 
 that the echo-peak shift function decays at time scales of ~250 fs and ~3 ps 
), which is consistent with our heterodyne-detected echo experiments (Chapter 4 and 
 The solvent-related thermal effects that substantially distort echo-peak shift 



































































1. The echo-peak shift (EPS) function for 5% water in acetonitrile. Solid cirkles show the 
ental points, and the line depicts the result of computer simulations with the correlation 
n M(t) presented in the inset. The correlation function of HDO in D2O [3,4] is also shown for 
ison (dashed line). on relaxation time is much longer than phase dynamics. The calculated from the 
k shift and heterodyned two-pulse photon echo experiments frequency correlation 
 is shown in the inset to Fig.8.11. It can be represented by a bi-exponential function 
racteristic times of ~250 fs (40%) and ~3 ps (60%). The fast time originates from 
ons in the environment of the OH stretching mode (i.e., acetonitrile molecules). The 
e scale coincides nicely with the rotational diffusion time that was determined in 
3. This proves that a water molecule that is hydrogen-bonded to acetonitrile rotates 
ently of an acetonitrile molecule and, therefore, the hydrogen bond can be broken 
2 ps.  
s, for an originally non-water-bonded OH-oscillator two ways of energy relaxation are 
. Relaxation occurs on a timescale of 12 ps when the corresponding OH-group is 
ely isolated from any other water molecule. However, when the OH oscillator belongs 
ater molecule that takes part in a cluster, the molecule can rotate within 2.5 ps to form 
en bond to another water molecule with a subsequent relaxation at a sub-ps timescale. 
e, the total relaxation rate is equal to the sum of relaxation rates into both channels 
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 and are concentrations of non-water-bonded and water-
hydroxyl groups, respectively,  is the population lifetime in diluted solution 
and  is the population lifetime in concentrated solution (~2.5 ps). The 
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nalorientaitoT1
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results of simulations according to Eq.8.7 describe the experimental data reasonably well 
(Fig.8.10).  
The pathways of vibrational energy relaxation for the OH-stretching mode of HDO 
molecules in acetonitrile solution are schematically illustrated in Fig.8.12. Water-bonded OH 
oscillators relax through resonant energy transfer to the first overtone of the bending mode. 
With increasing water-cluster size, the absorption spectrum broadens and shifts toward lower 
frequency. This ensures a greater overlap with the spectrum of the first overtone and 
subsequent lifetime shortening from ~3 ps to ~0.7 ps. For OH oscillators that have not been 
initially water-bonded, there are two relaxation pathways. First, the oscillator can relax 
directly to the first overtone of a bending mode with a 12-ps lifetime. Second, the water 
molecule first rotates, then forms a hydrogen bond to a neighboring water molecule, becomes 
hydrogen-bonded and finally relaxes via resonance with the bending overtone. While the 
second path is much faster that the first one, it requires another water molecule in close 
proximity and therefore becomes only efficient at high concentrations.   
Finally, we would like to compare our results on water-acetonitrile mixtures with similar 
experiments on methanol (ethanol) oligomers dissolved in carbon tetrachloride [29-33,66]. 
The main feature of the latter system is that vibrational relaxation of the excited OH (OD) 
stretching mode results in ultrafast breaking of the hydrogen bond at the time scale shorter 
than 2 ps. The broken hydrogen bond recovers at the time scale of ~10-20 ps after which the 
temperature equilibration of the sample settles up. Our data on water-acetonitrile mixtures 
give no indication of intermediate hydrogen bond breaking and its subsequent recovery. Let us 
assume, for the sake of argument, that the hydrogen bond is broken during or right after the 
vibrational relaxation. This would result in a signal decrease around 3400 cm-1 where the 
hydrogen-bonded molecules absorb, and in a simultaneous induced absorption around 
3550 cm-1. However, there is no signature of such processes in the experimental data (Fig.8.7). 
Furthermore, the subsequent restoration of the broken hydrogen bond results in the opposite 
trends in the pump-probe signals [29], again in clear contradiction with our experimental data. 















Fig.8.12. Schematic representation of the energy relaxation pathways for the OH-stretching 
vibrational mode of water molecules in acetonitrile solution. 
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(Figs.5 and 7), absorption spectra (Fig.8.8), and yields the predictions on the mixture 
composition that are in accord with MD simulations (Fig.8.9).  
We believe that the fundamental difference between relaxation dynamics in water-
acetonitrile and methanol-carbon tetrachloride mixtures originates from the following two 
facts. First, H2O as well as HDO are unique in a sense that there is an efficient energy 
relaxation channel into the bending mode [2,3]. Therefore, the energy is quickly re-distributed 
among lower-frequency modes with no hydrogen-bond dissociation. Second, acetonitrile is 
after water the fastest polar solvent where diffusive processes are completed within 2 ps. This 
facilitates an energy flux from the excited HDO molecule to the solvent. In contrast, the build-
up of bath excitation for carbon tetrachloride occurs at an ~20-ps time scale [2]. Clearly, 
additional studies are needed to confirm the importance of these facts for solvent dependent 
vibrational dynamics.  
 
 
8.7 Summary and conclusions 
 
Analysis of the combined time- and frequency-resolved pump-probe signals from binary 
water-acetonitrile mixtures has provided direct information on two types of OH-group in the 
binary mixture water-acetonitrile: OH-groups with a hydrogen bond to other water molecules 
and OH-groups with no hydrogen bond or hydrogen-bonded to acetonitrile. Such a distinction 
is possible because these two types of oscillators have distinctly different frequency-lifetime 
signatures. The spectral bands for the corresponding types of hydroxyl groups have been 
obtained by performing simultaneous numerical analysis of the linear and transient absorption 
spectra. The relative fractions of water-bonded and non-water-bonded hydroxyl groups were 
then derived from these data. The obtained fractions are in a good agreement with the results 
of MD simulations. 
Our findings are summarized in Fig.8.11 and corroborate the earlier suggested model for 
vibrational relaxation of the OH-stretching mode [2,3,23,25]. According to this model 
vibrational relaxation from the excited OH-stretching mode occurs through resonant energy 
transfer to the overtone of the bending mode with subsequent intra- and inter- molecular 
redistribution to lower frequency vibrational modes. Hydrogen bonding speeds up the 
relaxation process through broadening and shifting the OH-stretching absorption spectrum to 
lower frequencies. These spectral changes lead to a substantial increase in overlap with the 
spectrum of the energy-accepting mode, leading to an increase of the relaxation rate. 
In water-acetonitrile binary mixtures the size of the water clusters grows with increasing 
water concentrations. As a result, the spectral band corresponding to water-bonded hydroxyl 
groups shifts to lower frequencies and broadens. Consequently, the population lifetime for this 
type of hydroxyl group decreases from 3.0 ps in dilute solution to 0.7 ps in pure water. 
For isolated water molecules surrounded by acetonitrile, the relaxation channel to the 
bending mode overtone becomes inefficient because of a negligible overlap between the donor 
and acceptor spectra. As a consequence, the population lifetime for such hydroxyl groups 
increases to 12 ps. For non-water-bonded hydroxyl groups, which are situated on the outer 
surface of the water clusters or, in general, in the proximity of other water molecules, the rate 
of vibrational energy relaxation is mainly determined by molecular reorientations. In this case 
the rotating water molecule forms a hydrogen bond to another water molecule, which leads to 
the modification of the spectrum and relaxation according to the mechanism outlined for 
water-bonded hydroxyl groups. The rate-limiting step in this process is molecular 
reorientation that occurs at a 2 ps time scale. 
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Water is a very interesting and attractive object for research, not only because of its great 
importance for life but also due to its unusual and even intriguing properties. These anomalous 
properties of water largely determine its unique involvement in life processes. In spite of great 
attention of scientist over many years, water still remains incompletely understood. Most of 
the anomalous properties of water are related to the presence of a three-dimensional network 
of hydrogen bonds, which is constantly changing on ultra-fast, sub-picosecond timescales. 
Hence, one of the major issues in the description of water on molecular level is the 
comprehension of its microscopic molecular dynamics.  
The basis for the theoretical conception of properties of matter is always constituted from 
results of experimental studies. Nowadays, among a great number of various experimental 
techniques only methods of ultrafast spectroscopy allow unveiling femtosecond timescales in 
molecular dynamics. Vibrational spectroscopy provides the means to study dynamics of 
processes involving only certain chemical bonds. The dynamics of hydrogen bonding can be 
probed via its reflection on molecular vibrations, like the stretching vibrational mode of the 
OH-bond. Thus, the goal of this study is the characterization of ultrafast molecular dynamics 
of water and, in particular, the dynamics of hydrogen bonding using methods of infrared 
nonlinear spectroscopy. 
Nonlinear spectroscopic experiments require pulsed laser radiation for the excitation and 
probing of molecular transitions. Characteristics of the laser pulses determine the time and 
frequency resolution of the experiment. We generate tunable mid-infrared laser pulses well 
suitable for spectroscopy on the OH-stretching mode of water molecules, using a multistage 
optical parametric amplifier pumped at 1 kHz by 800 nm pulses from a Ti:Sapphire amplifier. 
In this setup, at the first stage low-energy femtosecond pulses in the near infrared are 
generated by continuum amplification in β-barium borate. Subsequently the near-infrared 
pulses are amplified in two stages in potassium titanyl phosphate crystal pumped by 800 nm 
radiation to produce intense mid-infrared pulses. A novel method for characterization of 
ultrashort IR pulses is proposed. The technique is relatively simple in its practical realization 
since it utilizes a conventional frequency-resolved pump–probe geometry. 
Initially, we focus on the utrafast timescale of the OH-stretch vibration dynamics of liquid 
water. In order to study the fast dephasing processes a heterodyne detected two-pulse photon 
echo technique is employed. Analysis of experimental data shows that there is a clear 
separation of timescales in the dephasing dynamics of this vibrational mode. The fast 
timescale with a characteristic time of the order of 130 fs is assigned to the frequency 
fluctuations determined by the coupling of the OH-stretching vibrational mode to low 
frequency molecular motions such as molecular collisions, hydrogen bond oscillations and 
librations. The slow timescale having time constant of about 800 fs is assigned to a structural 
relaxation of the hydrogen bond network surrounding a particular molecule. The results of 
measurements of the OH-stretch vibration dynamics of isolated water molecules in liquid 
acetonitrile support the model, which relates the fast part of the correlation function of this 
vibrational mode to the low frequency fluctuations of the solvent. 
In a spectroscopic experiment, temperature in the focal volume of the sample is raised as 
a result of absorption of excitation pulse energy. Due to the high sensitivity of the infrared 
spectrum of water to changes of temperature, as well as substantial excitation energy used in 
the nonlinear infrared spectroscopy, effects related to the thermalization of the absorbed 
energy, often contribute to the experimental results obtained on water samples. The 
temperature change taking place in a typical infrared nonlinear experiment on water can be 
found by comparing pump-probe spectra measured at large delays, when the population 
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relaxation is practically over, with the data obtained in linear spectroscopic measurements at 
different temperatures. According to our data the temperature shift typically does not exceed 
1 K if a solution of HDO in D2O is used as a sample. In the case if HDO-D2O mixture is used, 
the solvent molecules, i.e. heavy water, also contribute to the thermal effects as demonstrated 
in heterodyne-detected transient grating experiment. Transient grating measurements on the 
sample with different concentration of the chromophore allow assessing magnitude of the 
thermal signal that originates from the direct absorption by the heavy water molecules. The 
rest of the thermal signal is related to the energy absorbed by the chromophore (OH-stretching 
mode) and dissipated in the focal volume after the relaxation. The equations for the 
chromophore response need to be modified according to the experimental data in order to take 
into account the thermal shift of the spectrum of the OH-stretching mode and the contributions 
related to the response of the solvent. 
The knowledge of the parameters of the studied transition such as Stokes shift and 
anharmonicity is important for the adequate choice of a model describing system-bath 
interactions, and thus, for correct interpretation of the experimental data. The frequency-
resolved pump-probe technique is an appropriate experimental tool to study the spectral shape 
and dynamics. Broadband infrared pulses available in our laboratory allow detection of the 
shape and dynamics of pump-probe spectra with unique accuracy, high spectral and temporal 
resolution. Analysis of the experimental frequency-resolved spectra shows that within our 
experimental uncertainty, which does not exceed 5 cm-1, the observed spectral dynamics is 
related only to the modifications of the absorption spectrum caused by the heating of the 
sample due to the absorption of the pump pulse energy. No considerable Stokes shift is 
detected. Hence, the stochastic model for the frequency fluctuation correlation function is 
completely adequate for the description of the interaction of the chromophore with its 
environment in this system. Analyzing the shape of the transient spectra, we found that the 
frequency shift between the vibrational transitions |g>–|e> and |e>–|2e>, which is related to 
the anharmonicity of the corresponding vibrational mode, amounts to 190±20 cm-1.  
It has been demonstrated that the dependence of the shift of the maximum of the time-
integrated stimulated photon echo on the delay between the second and the third pulses, 
directly resembles the frequency fluctuation correlation function. However, the infrared 
echo-peak shift (EPS) of the OH-stretching vibrational mode in liquid water substantially 
deviates from the experimental correlation function. Thermal effects accompanying nonlinear 
spectroscopic experiments on this system, contribute substantially to the signal that largely 
determines the behavior of EPS. Using experimental data and the developed theoretical 
concept of the thermal effects, we analyze the experimental data of the EPS, transient grating 
and linear absorption spectrum in a global fitting procedure. The fit yielded the following 
values for the parameters of the correlation function: 1/Λfast = 125 fs, ∆fast = 90 cm-1, 1/Λslow = 
700±100 fs, ∆slow = 65 cm-1. These parameters are in very good agreement with the results of 
heterodyne-detected two-pulse photon echo technique and literature data. 
Finally, the effect of hydrogen bonding on the vibrational energy relaxation of the OH-
stretching mode in pure water and in water-acetonitrile mixtures is studied. The extent of 
hydrogen bonding is controlled by dissolving water at various concentrations in acetonitrile. 
Infrared frequency-resolved pump-probe measurements were used to determine the relative 
concentrations of hydrogen-bonded versus non-hydrogen bonded OH-bonds in water-
acetonitrile mixtures. Our data demonstrate that the main pathway for vibrational relaxation of 
the OH-stretching mode in pure water involves the overtone of the bending mode. Hydrogen 
bonding is found to accelerate the population relaxation increasing the energy overlap between 





Water is een zeer interessant en aantrekkelijk onderzoeksobject, niet alleen vanwege de 
grote betekenis die het heeft voor het leven op aarde maar ook vanwege zijn ongewone en 
intrigerende fysische eigenschappen.  
Deze afwijkende eigenschappen bepalen voor een groot gedeelte de unieke rol die het 
speelt in de biologische processen die leven mogelijk maken. Ondanks de grote aandacht van 
wetenschappers gedurende vele jaren is het begrip van dit materiaal nog steeds incompleet. De 
meeste van de bijzondere eigenschappen van water zijn gerelateerd aan de aanwezigheid van 
een driedimensionaal netwerk van waterstofbruggen dat constant verandert op ultrasnelle 
(sub-picoseconde) tijdschaal. Vandaar dat een van de belangrijkste punten in de beschrijving 
van water op moleculair niveau het begrip van zijn moleculaire dynamica is. 
Een theoretische beschrijving van de eigenschappen van materie moet altijd gebaseerd 
zijn op de resultaten van experimentele studies. De ultrasnelle (laser)spectroscopie, één van de 
vele experimentele methoden die beschikbaar zijn voor de studie van materialen, is vandaag 
de dag de enige techniek waarmee dynamica op deze tijdschaal gemeten kan worden. Bij deze 
techniek wordt het materiaal met behulp van gepulst laserlicht geëxciteerd (en daardoor uit 
zijn evenwicht gebracht), waarna de hierdoor veroorzaakte dynamica met een zo geheten 
probe-puls uitgelezen wordt. In moleculaire stoffen kunnen afhankelijk van de golflengte van 
het laserlicht rotaties, vibraties of electronische toestanden aangeslagen worden.  
De vibrationele spectroscopie in het bijzonder geeft de mogelijkheid om de dynamica van 
processen te bestuderen waarbij alleen specifieke moleculaire bindingen betrokken zijn. De 
dynamica van waterstofbruggen kan zo gevolgd worden via de invloed die het uitoefent op de 
vibraties in het watermolecuul (H2O), bij voorbeeld via de OH-rekvibratie. Het doel van de in 
dit werk beschreven studie is dan ook de karakterisering van de ultrasnelle moleculaire 
dynamica van water en in het bijzonder de dynamica van de waterstofbruggen, dit met 
gebruikmaking van de methoden van de niet-lineaire infrarood spectroscopie. 
Voor de niet-lineaire spectroscopische experimenten wordt zoals gezegd gepulst laserlicht 
gebruikt voor excitatie en uitlezen van moleculaire overgangen. De eigenschappen van de 
laserpulsen bepalen de tijds- en frequentieresolutie van het experiment. In ons lab genereren 
we mid-infrarood laserpulsen die geschikt zijn voor spectroscopie van de OH-rekvibratie van 
watermoleculen. Dit doen we door middel van een meertraps Optische Parametrische 
Versterker (OPA) die gevoed wordt door laserpulsen met een golflengte van 800 nm met een 
repetitiefrequentie van 1 kHz, afkomstig van een Titanium-Saffier laser. In deze experimentele 
opstelling worden in de eerste trap lage-energie femtosecondepulsen in het nabije infrarood 
gegenereerd door middel van continuumversterking in β-bariumboraat. Vervolgens worden de 
infraroodpulsen in twee trappen versterkt in een kaliumtitanylfosfaatkristal dat geëxciteerd 
wordt door laserstraling bij 800 nm. Dit resulteert in de generatie van intense pulsen in het 
mid-infrarood golflengtegebied.  
We stellen een nieuwe methode voor, waarmee deze ultrakorte infraroodpulsen 
gekarakteriseerd kunnen worden. De techniek is relatief simpel in zijn praktische realisatie 
aangezien een conventionele frequentieopgeloste pump-probe geometrie gebruikt wordt. 
Als eerste wordt de ultrasnelle tijdschaal in de dynamica van de OH-rekvibratie in 
vloeibaar water besproken. Hierbij wordt de ‘heterodyne-detected two-pulse photon echo’ 
techniek gebruikt om de snelle defaseringsprocessen te bestuderen. Analyse van de 
experimentele data laat zien dat de defaseringsdynamica van deze vibratie op twee tijdschalen 
plaatsvindt, met een duidelijke scheiding tussen de tijdschalen. De snelle tijdschaal met een 
vervaltijd van circa 130 femtoseconden wordt toegeschreven aan de frequentiefluctuaties die 
bepaald worden door de koppeling van de OH-rekvibratie met laagfrequente moleculaire 
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bewegingen zoals moleculaire botsingen, waterstofbrugoscillaties en libraties. De langzame 
tijdschaal met een tijdsconstante van ongeveer 800 femtoseconden wordt toegeschreven aan 
de structurele relaxatietijd van het waterstofbrugnetwerk dat een specifiek molecuul omringt. 
De resultaten van metingen van de OH-rekvibratiedynamica van geisoleerde watermoleculen 
in vloeibare acetonitril onderbouwen dit model. In het laatste geval kan het snelle gedeelte van 
de correlatiefunctie van deze vibratie gerelateerd worden aan de laagfrequente fluctuaties in 
het oplosmiddel. 
Tijdens een spectroscopisch experiment stijgt de temperatuur in het focaal volume van het 
sample als gevolg van de absorptie van de energie van de excitatiepuls. Omdat in de niet-
lineaire vibrationele spectroscopie hoge excitatie-energieën gebruikt worden en vanwege de 
grote gevoeligheid van het infraroodspectrum van water voor veranderingen in de temperatuur 
is thermalisatie van de excitatie-energie van invloed op de resultaten die gevonden worden 
voor watersamples. De temperatuursverandering die plaatsvindt in een niet-lineair 
infraroodexperiment aan water kan worden gevonden door de pump-probe spectra bij lange 
probe delays, wanneer thermalisatie heeft plaatsgevonden, te vergelijken met lineaire 
infraroodspectra bij verschillende temperaturen.  
Volgens onze data stijgt de temperatuur niet meer dan 1 K in het geval van een oplossing 
van HDO in D2O (zwaar water). In het geval van een HDO-D2O mengsel dragen ook de 
oplosmiddelmoleculen bij aan de temperatuurseffecten, zoals wordt aangetoond in een 
zogenaamd ‘heterodyne-detected transient grating’ experiment. Aan de hand van een serie van 
‘transient grating’ metingen aan samples met verschillende OH-concentraties kunnen we de 
grootte van het thermisch effect bepalen dat zijn oorsprong heeft in absorptie door het zware 
water. De rest van het thermisch effect is dan gerelateerd aan de energie die is geabsorbeerd 
door de chromofoor zelf −dat wil zeggen de OH-rekvibratie− en vervolgens na vibrationele 
relaxatie gedumpt in het focaal volume. De vergelijkingen voor de chromofoor-respons 
moeten dan zo worden aangepast aan de experimentele data dat de thermische verschuiving 
van het spectrum van de OH-rekvibratie en de inbreng van het oplosmiddel in rekening 
worden gebracht.  
Kennis van de parameters van de bestudeerde overgang, zoals de Stokes shift en 
anharmoniciteit van de vibratie, is belangrijk als je een goed model wilt kiezen om de 
interacties van dit systeem met zijn omgeving te beschrijven; Het is dus van groot belang voor 
een correcte interpretatie van de experimentele data. De frequentieopgeloste pump-probe 
techniek, waarmee de spectrale vorm en dynamica kan worden bestudeerd, is hiervoor het 
aangewezen instrument. De breedbandige infraroodpulsen die in ons lab beschikbaar zijn 
maken meting van de spectrale vorm en dynamica mogelijk met unieke precisie en een hoge 
spectrale en tijdsresolutie.  
Analyse van de spectra laat zien dat binnen de experimentele fout, die niet meer dan  
5 cm-1 bedraagt, de gevonden spectrale dynamica alléén gerelateerd is aan de opwarming van 
het sample door absorptie van de excitatiepulsenergie. Er werd geen significante Stokes shift 
gemeten, wat inhoudt dat er geen noemenswaardige solvatatiedynamica plaatsvindt naar 
aanleiding van de vibrationele excitatie. Daarom kan het stochastisch model voor de 
frequentie fluctuatiecorrelatiefunctie zeer goed gebruikt worden om de interactie van de 
chromofoor met zijn omgeving te beschrijven. Na analyse van de vorm van de tijdsopgeloste 
spectra hebben wij gevonden dat de frequentieverschuiving tussen de overgangen |g>→|e> en 
|e>→|2e>, die weer gerelateerd is aan de anharmoniciteit van de overeenkomstige vibratie, 
190±20 cm-1 bedraagt. 
Ook hebben we aangetoond dat de afhankelijkheid van de piekverschuiving van de 
tijdsgeïntegreerde drie puls fotonecho van de tijdsduur tussen de tweede en derde puls direct is 
gerelateerd aan de frequentiecorrelatiefunctie. Deze infrarood echopiekverschuiving (Echo 
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Peak Shift, EPS) van de OH-rekvibratie in vloeibaar water wijkt echter substantieel af van de 
experimenteel gevonden correlatiefunctie. De temperatuurseffecten die de niet-lineaire 
spectroscopische effecten begeleiden leveren namelijk een behoorlijke bijdrage aan het EPS 
signaal. Met behulp van het ontwikkelde theoretische concept van temperatuurseffecten 
analyseren wij de experimentele data van de EPS, de transient grating en het lineaire 
absorptiespectrum in één globale fit. Deze globale fit gaf de volgende waarden voor de 
parameters van de correlatiefunctie: 1/Λsnel ≅ 125 fs, ∆snel ≅ 90 cm-1, 1/Λlangzaam = 700±100 fs, 
∆langzaam ≅ 65 cm-1. Deze parameters zijn in overeenstemming met de resultaten van de 
‘heterodyne-detected two-pulse photon echo’ en met andere resultaten in de beschikbare 
literatuur. 
Tenslotte is nog het effect van waterstofbruggen op de relaxatie van de vibrationele 
energie van de OH-rekvibratie in puur water en in water-acetonitril mengsels bestudeerd. De 
hoeveelheid waterstofbruggen wordt gecontroleerd door water op te lossen in acetonitril bij 
verscheidene concentraties. Infrarood frequentieopgeloste pump-probe metingen werden 
gebruikt om de verhouding tussen waterstofbrugvormende en vrije OH-rekvibraties te 
bepalen. Onze data tonen aan dat relaxatie in puur water voornamelijk geschiedt via koppeling 
aan de overtoon van de HOH buigvibratie in het watermolecuul. Ook hebben we gevonden dat 
waterstofbrugvorming deze vibratierelaxatie versnelt doordat dit de energieoverlap tussen de 
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